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PREFACE. 


In  presenting  this  second  volume  on  the  subject  of  Electric 
Lighting,  attention  is  called  to  the  fact  that  it  relates  to  the 
conductors  for  transmitting  and  distributing  the  current,  commonly 
called  the  distribution  system,  to  the  lamps,  the  supply  of  which  is 
the  final  object  of  the  entire  system,  and  to  the  various  auxiliary 
devices,  such  as  switches,  cut-outs,  meters,  etc.,  employed  in  con- 
nection with  the  same.  In  short,  the  present  volume  covers  all 
parts  of  electric  lighting  systems  outside  of  the  generating  plants, 
the  first  volume  being  devoted  to  the  latter.  The  properties  of 
conductors  and  various  systems  of  electrical  distribution,  including 
direct  current,  as  well  as  single  and  polyphase  currents,  occupy 
the  first  half  of  the  book.  Overhead  and  underground  conductors 
are  next  discussed,  and  then  arc  lamps  are  treated  in  considerable 
detail,  since  they  are  important  features  in  electric  lighting,  and 
have  not  been  very  fully  treated  in  other  publications.  Interior 
wiring,  incandescent  and  other  forms  of  lamps,  and  finally  electric 
meters  are  given  considerable  attention.  An  appendix,  containing 
the  National  Electrical  Code,  and  another  the  Report  of  the  Com- 
mittee on  Standardization  are  included,  these  being  the  rules  which 
must,  or  at  least  should  be,  followed  in  constructing  or  operating 
any  electrical  system.  In  treating  each  branch  of  the  subject,  the 
principles  have  first  been  given  with  considerable  fullness,  being 
followed  by  practical  examples  of  the  prominent  methods  and 
forms  of  apparatus  employed  in  actual  practice.  In  the  space 
available  it  has  been  impossible  to  go  deeply  into  any  subject,  but 
the  attempt  has  been  made  to  cover  the  important  elements  and 
their  relation,  so  that  they  may  be  understood  and  used  success- 
fully. 

Both  volumes  are  intended  as  text  books  for  engineering 
schools  and  as  hand  books  for  practicing  engineers,  and  for  that 
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reason  abstruse  and  detailed  matter  has  been  omitted  as  far  as 
possible. 

The  National  Electrical  Code,  containing  the  requirements  ac- 
cording to  which  all  electric  lighting  and  other  installations  should 
be  made,  is  so  important  that  it  is  printed  in  full  in  Appendix  I. 
The  corrections  made  in  December,  1900,  were  anticipated,  and 
have  been  incorporated.  The  Report  of  the  Committee  on  Stand- 
ardization of  the  American  Institute  of  Electrical  Engineers  being 
also  of  fundamental  importance,  is  given  in  full  in  Appendix  II. 

The  author  is  glad  to  take  this  opportunity  to  thank  many 
friends  for  information  and  assistance.  Messrs.  J.  W.  Lieb,  C.  W. 
Rice,  and  P.  Torchio  of  New  York,  and  Mr.  W.  S.  Barstow  of 
Brooklyn,  kindly  gave  the  benefit  of  their  wide  experience  in  con- 
nection with  electrical  distribution.  Messrs.  Clark  and  McMuUen  of 
New  York  rendered  valuable  assistance  in  connection  with  overhead 
and  underground  conductors.  To  Mr.  Joseph  Bijur  the  author  is 
specially  indebted  for  a  great  deal  contained  in  the  chapters  on  the 
electric  arc  and  arc  lamps.  Mr.  John  W.  Howell,  of  the  General 
Electric  Lamp  Works,  very  kindly  read  over  the  proof  of  the 
chapter  on  incandescent  lamps,  in  which  subject  no  one  has  had 
greater  and  more  successful  experience.  Mr.  C.  S.  Aylmer-Small 
assisted  the  author  in  collecting  material,  in  proof-reading,  and  in 
other  ways.  Finally,  thanks  are  due  to  the  General  Electric, 
Westinghouse,  and  other  companies,  which  have  freely  given 
information  and  illustrations. 
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CHAPTER  I. 

BLECTRICAL  DISTRIBUTlOlf. 
FHTSICAIi  PROPEBTTES  OF  CONDUCTORS. 

The  distribution  of  electrical  energy  from  the  generating  plant 
to  lamps,  motors,  or  other  devices  involves  problems  of  great  sci- 
entific and  technical  interest.  It  is  also  a  fact  that  in  almost  every 
electrical  installation  the  cost  of  the  distributing  conductors  is  a 
larger  item  than  that  of  the  generating  machinery.  This  is  almost 
always  true  of  long-distance  transmission  ;  and  even  in  an  isolated 
electric-lighting  plant  the  wiring  is  usually  more  expensive  than 
the  boilers,  engines,  and  dynamos  combined. 

Substantially  the  same  principles  apply  to  all  branches  of  elec- 
trical transmission  and  distribution,  including  electric  lighting  and 
power,  telegraphy,  telephony,  etc.  But  the  subject  has  been  de- 
veloped more  thoroughly  in  the  case  of  electric  lighting,  which 
requires  a  more  nearly  perfect  regulation  of  pressure  and  current 
than  the  other  applications. 

Measuring  Electrical  Conductors.  —  Either  the  metric  system 
or  the  ordinary  English  system  of  units  can  be  employed  to  meas- 
ure the  length  and  cross-section  of  wires  or  conductors.*  The  for- 
mer system,  in  spite  of  its  many  advantages,  is  rarely  used  for  this 
purpose  in  America  or  in  England ;  and  tables  or  rules  employing 
it  would  be  practically  worthless  at  the  present  time,  since  they 
must  ultimately  be  used  by  common  workmen.  It  should  be  made 
compulsory  before  it  can  be  adopted  generally.  In  English  meas- 
ure we  can  select  either  the  mile,  yard,  or  foot  as  the  unit  of 
length.  The  first  is  too  large,  as  it  necessitates  inconvenient  deci- 
mal fractions ;  the  yard  is  often  employed  in  England  to  measure 

•  Tables  for  converting  from  one  system  to  the  other  are  given  in  vol.  i.  pp.  20-22. 
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electrical  conductors,  but  it  is  rarely  used  for  that  purpose  in 
America,  the  foot  being  almost  universally  adopted  as  the  unit. 
The  size  of  a  wire  may  be  stated  either  in  terms  of  the  numbers 
of  an  arbitrary  gauge,  or  the  actual  diameter  in  fractions  of  an  inch 
may  be  given.  Unfortunately  the  practice  of  using  wire  gauges 
has  existed  from  time  immemorial,  and  results  in  much  confusion 
because  of  the  great  number  of  different  gauges.*  This  has  been 
overcome  to  a  certain  extent  in  this  country  by  the  general  adop- 
tion of  the  Brown  &  Sharpe,  or  American  wire  gauge ;  but  this  is 
quite  different  from  the  new  standard  British  wire  gauge,  which  is 
used  in  England.  The  American  wire  gauge  will  be  employed  in 
the  present  instance,  since  in  this  country  wires  are  made  and  re- 
ferred to  by  that  gauge  very  generally ;  but  in  many  cases  it  is 
better  to  specify  the  actual  diameter  or  cross-section  of  the  wire. 
For  this  purpose  the  word  mil  has  been  introduced,  being  a  short 
name  for  one  thousandth  of  an  inch.  That  is  to  say,  a  wire  100 
mils  in  diameter  is  one  hundred  one  thousandths,  or  one  tenth  of 
an  inch,  in  diameter.  The  cross-section  of  a  wire  one  mil  in  diam- 
eter is  called  one  circular  tnily  being  the  area  of  a  circle  one  thou- 
sandth of  an  inch  in  diameter.  Since  the  cross-section  of  any 
other  round  wire  will  be  proportional  to  the  square  of  its  diameter, 
it  follows  that  the  cross-section  in  circular  mils  can  be  found  by 
multiplying  the  diameter  in  mils  by  itself.  We  thus  avoid  the  dif- 
ficulty of  converting  the  cross-section  into  square  measure,  which 
requires  the  square  of  the  diameter  to  be  multiplied  by  .7864  or 
it/ 4.  This  is  an  awkward  and  unnecessary  calculation  in  the  case 
of  round  wires,  it  being  much  simpler  and  equally  definite  to  meas- 
ure them  in  terms  of  a  circular  unit.  For  diameters  greater  than 
.46  inch  (No.  0000  A.W.G.)  it  is  customary  to  define  the  size  by 
giving  the  diameter  in  mils  or  the  cross-section  in  circular  mils. 
For  example,  a  solid  round  conductor  one  inch  in  diameter  is  desig- 
nated as  1,000,000  circular  mils.  The  size  of  a  cable  made  up  of 
a  number  of  strands  of  wire  is  given  as  the  sum  of  the  cross-sec- 
tions of  the  individual  strands.  Rectangular  conductors  are  meas- 
ured in  terms  of  their  breadth  and  thickness  in  inches  or  mils,  or 
their  cross-section  in  square  mils,  which  is  equal  to  the  product  of 
these  two  dimensions. 

For  measuring  wires  or  conductors,  a  wire  gauge  or  a  raicrom- 

♦  Wheeler's  Chart  of  Wire  Gauges,  W.  J.  Johnston  Co.,  N.Y.,  1887. 
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eter  may  be  employed.  The  former  consists  of  a  plate  having 
slots  in  its  edge  corresponding  in  size  to  the  gauge  numbers.  The 
latter  is  usually  a  screw-micrometer,  which  measures  the  diameter 
or  thickness  in  mils,  that  is,  thousandths  of  an  inch. 

Materials  for  Electrical  Conductors.  —  Copper  is  the  material 
employed  almost  universally  for  electrical  conductors,  on  account 
of  its  high  conductivity.  The  slight  superiority  of  silver  in  this 
respect  is  more  than  ofifset  by  its  higher  density  and  cost. 

There  are,  however,  several  metals  which  are  lighter  than  cop- 
per for  the  same  resistance.  For  example,  aluminum  has  a  con- 
ductivity about  one-half  that  of  copper,  and  its  density  is  2.7. 

2  7       10 
Hence,  an  aluminum  wire  weighs  only  — ^  x  —^  =  0.607,  or  a 

8.89      0.5 

little  more  than  one-half  as  much  as  a  copper  wire  having  the  same 

length  and  resistance.     Metallic  sodium  is  only  about  one-quarter 

as  heavy  as  copper  for  equal  length  and  resistance. 

Although  there  are  several  metals  that  could  be  used  as  elec- 
trical conductors  which  are  considerably  lighter  than  copper,  it  is 
doubtful  if  it  would  be  desirable  to  use  them,  except  in  special 
cases  where  minimum  weight  is  of  particular  importance,  because 
their  bulk  would  be  so  much  greater.  For  example,  an  aluminum 
wire  must  have  about  twice  the  cross-section  of  an  equivalent 
copper  wire,  and  would,  therefore,  require  much  more  insulating 
material  to  cover  it,  and  would  be  more  clumsy  for  overhead  or 
underground  conductors  or  interior  wiring.  It  may  be  used,  how- 
ever, for  bare  conductors,  such  as  'bus  bars,  provided  its  cost  is 
low  enough. 

In  addition  to  metals  such  as  aluminum,  which  may  be  em- 
ployed for  electrical  conductors  in  place  of  copper,  because  they 
are  lighter,  other  metals  and  alloys  are  used  on  account  of  cheap- 
ness or  greater  strength.  The  most  prominent  of  these  is  iron  or 
steel,  which  until  a  few  years  ago  was  in  general  use  for  telegraph 
and  telephone  lines.  But  the  most  recent  practice  is  to  employ 
copper  even  for  these  purposes;  it  being  found  that  the  lower 
resistance,  inductance,  and  electrostatic  capacity  (because  smaller 
wires  are  used)  more  than  make  up  for  the  increased  first  cost. 
Iron  has  rarely  been  utilized  as  a  conductor  in  electric  light,  power, 
or  other  circuits  that  carry  large  currents,  because  its  conduc- 
tivity is  much  less,  being  about  one-seventh  that  of  copper.     An 
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iron  wire  must  therefore  have  seven  times  the  cross-section  and 

7x78 

— - — '—  =  6.14  times  the  weight  of  an  equivalent  copper  wire,  and 

would  cost  about  as  much. 

Nearly  all  alloys  have  a  considerable  lower  conductivity  than 
pure  copper,  so  that  they  are  not  very  generally  used,  even  for 
overhead  conductors.  In  the  latter  case,  hard-drawn  copper  wire 
is  generally  employed,  having  a  conductivity  about  2  to  3  per  cent 
less  than  that  of  annealed  copper,  and  a  tensile  strength  about 
twice  as  great. .  The  latter  is  25,000  to  35,000  lbs.  per  square 
inch  for  soft  copper,  and  50,000  to  70,000  for  hard-drawn,  the 
lower  figure  being  for  large  sizes  (Nos.  0000  and  000)  and  the 
higher  value  for  small  sizes  of  wire  (Nos.  14  and  16). 

Electrical  Resistance.  —  In  electrical  distribution  the  most  im- 
portant factor  is  resistance,  from  the  scientific  as  well  as  from  the 
commercial  points  of  view.  It  entirely  determines  the  flow  of  a 
direct  current,  and  largely  affects  alternating-current  circuits  also, 
necessitating  the  use  of  large  quantities  of  copper  for  conductors, 
the  cost  of  which  constitutes  the  chief  item  of  expense  in  almost 
all  electrical  plants  or  systems,  as  already  stated. 

Resistance  appears  as  a  serious  difficulty  in  electrical  distribu- 
tion, producing  three  objectionable  effects.  First,  it  causes  a  drop 
in  voltage,  so  that  the  various  lamps  are  not  supplied  with  suf- 
ficient pressure  or  with  the  same  pressure ;  second,  it  involves  a 
loss  of  energy  and  efficiency ;  and  third,  it  produces  heating  of  the 
conductors,  which  may  destroy  the  insulation  or  give  rise  to 
danger  of  fire.  Each  of  these  effects  will  be  considered  separately 
later. 

The  determination  of  electrical  resistance  can  easily  be  made 
either  by  calculation  or  by  actual  measurement.  It  is  not  neces- 
sary here  to  explain  the  many  well-known  ways  of  measuring 
resistance,  such  as  the  VVheatstone  bridge  and  the  fall  of  potential 
methods.  These  may  be  found  in  almost  any  electrical  work. 
Furthermore,  it  is  the  usual  practice  to  determine  the  electrical 
resistance  of  conductors  in  electric  light  and  power  distribution  by 
calculation  based  upon  certain  recognized  standards.  This  may 
be  verified  by  tests  of  samples  of  the*  wire  or  by  measurements 
made  after  the  conductors  are  laid. 

The  Standard  Conductivity  of  Copper.  —  It  is  almost  universally 
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customary  to  express  the  comparative  conductivity  of  samples  of 
copper  in  terms  of  Matthiessen's  standard.  Unfortunately,  Mat- 
thiessen  gave  several  values  which  do  not  agree  exactly.  To 
overcome  this  difficulty,  a  committee  of  the  American  Institute 
of  Electrical  Engineers  carefully  investigated  this  question,  and 
recommended  the  general  acceptance  of  a  definite  value  for  Mat- 
thiessen's standard.  It  is  possible  to  obtain  copper  of  greater 
purity  and  higher  density  than  that  used  by  Matthiessen,  so  that  a 
somewhat  better  conductivity  of  102  or  even  105  per  cent  of  the 
standard  may  be  reached.  But  practically  all  commercial  copper 
is  below  Matthiessen's  standard. 

A  complete  table  was  prepared  by  the  committee  of  the  Amer- 
ican Institute  of  Electrical  Engineers,*  giving  the  resistance, 
weight,  etc.,  of  the  various  sizes  of  wire,  for  both  the  American 
(B.  and  ^5.)  and  Birmingham  (Stubs)  gauges.  This  table,  for 
the  A.  W.  G.  and  covering  wires,  from  Nos.  0000  to  18  inclusive, 
is  given  on  page  8.  The  resistance  of  any  copper  wire  at  20  de- 
grees C.  or  68  degrees  Fahr.,  according  to  Matthiessen's  standard, 

may  be  calculated  by  the  following  simple  formula :  R  =  — ^-— — 

R  being  the  resistance  in  international  ohms,  /  the  length  of  the 
wire  in  feet,  and  d  its  diameter  in  mils.  The  latter  is  easily  deter- 
mined with  accuracy  by  means  of  the  ordinary  screw  micrometer. 
A  very  simple  and  convenient  rule  to  remember  is  the  fact 
that  1,000  feet  of  No.  10  A.  W.  G.  wire,  which  is  practically  one- 
tenth  of  an  inch  in  diameter  (.1019),  has  1  ohm  resistance  at  20 
degrees  C.  (68  degrees  Fahr.),  and  weighs  31.4  pounds.  A  wire 
three  sizes  larger,  that  is.  No.  7,  has  almost  exactly  twice  the 
cross-section  and  weight  per  thousand  feet,  and  one-half  the  resis- 
tance. A  wire  three  sizes  smaller,  that  is.  No.  13,  has  one-half 
the  cross-section  and  weight,  and  twice  the  resistance  per  thousand 
feet.  Three  sizes  smaller  than  No.  13,  that  is.  No.  16,  has  one- 
fourth  the  cross-section  and  weight  and  four  times  the  resistance 
of  No.  10 ;  and  similarly  a  No.  4  wire  has  four  times  the  cross- 
section  and  weight  and  one-fourth  the  resistance  of  No.  10.  This 
may  be  carried  to  the  extreme  limits  of  the  gauge  in  either  direc- 
tion, the  cross-section  doubling  with  each,  three  numbers.  Inter- 
mediate sizes  may  be  approximated  by  interpolation ;  for  example, 

*  Transactions,  vol.  x.,  1893. 
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one  size  larger  has  about  \\  (1.261)  times,  and  two  sizes  larger 
about  lA  (1.59)  times  the  cross-section.  The  cross-section  of 
the  next  size  smaller  is  always  found  by  multiplying  by  .793,  and 
for  two  sizes  smaller  by  .629. 

Temperature  Coefficient  of  Copper.  —  The  effect  of  variations  in 
temperature  upon  the  conductivity  of  copper  was  given  by  Mat- 
thiessen  *  in  the  following  formula  :  — 

'  Q  =  Co  (1  -  .t)038701/  +  .000009009/«),  (1) 

in  which  Q  is  the  conductivity  at  any  temperature  /  in  Centigrade 
degrees,  and  C^  is  the  conductivity  at  zero  degrees  C.  This  ex- 
pression is  sometimes  converted  into  one  for  resistance  by  merely 
changing  signs ;  but  this  is  incorrect  algebraically,  since  it  is  neces- 
sary to  take  the  reciprocals  of  both  members  of  the  equation.  If 
this  is  done  the  following  formula  is  obtained :  — 

Ri  =  ^a  (1  +  .0038701/  +  .000005969/«).  (2) 

This  is  usually  simplified  by  reducing  the  number  of  decimal 
places,  giving  the  form  :  — 

R^  =  ^^  (1  +  .00387/  +  .00000597/^.  (3) 

In  these  expressions  for  resistance,  terms  containing  /'  and 
other  higher  powers  of  /  are  neglected,  hence,  they  do  not  give  re- 
sults agreeing  exactly  with  Matthiessen's  original  formula  (Equa. 
1).  The  correct  method  is  to  find  the  value  of  the  temperature 
coeflficient  for  conductivity  (1  -  .0088701/  +  .000009009/2),  take 
its  reciprocal,  which  gives  the  temperature  coefficient  for  resistance, 
then  multiply  the  resistance  at  0°  C.  by  this  amount  in  order  to 
find  the  resistance. at  the  given  temperature  /.  This  is  the  process 
by  which  the  figures  in  the  table  on  page  8  were  obtained.  But 
for  moderate  ranges  of  temperature  the  error  resulting  from  the 
use  of  Equation  3  is  slight,  being  about  J  of  1  per  cent  too  high  at 
50**  C,  and  about  A  of  1  per  cent  too  high  at  80°  C. 

Indeed,  it  is  doubtful  if  any  of  these  somewhat  complicated 
formulae  are  actually  more  correct  than  the  very  simply  expres- 
sion, —  f 

^,  =  ^,(l  +  .004/),  (4) 

•  Philosophical  Transactions^  1862. 
t  Electrical  World,  Feb.  10,  1895. 
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in  which,  as  before,  R^  is  the  resistance  of  a  copper  conductor  at 
the  given  temperature  /,  and  R^  is  its  resistance  at  0**  C. 

Matthiessen  found  nearly  all  pure  metals  to  have  substantially 
the  same  temperature  coefficient  as  copper,  the  only  important 
exceptions  being  iron  and  liquid  mercury.  The  values  given  for 
these  are  somewhat  variable,  but  are  about  .0046  for  the  former, 
and  about  .0009  for  the  latter.  The  temperature  coefficients  for 
alloys  are  less  than  those  of  pure  metals,  being  only  about  one- 
tenth  as  great  for  German  silver  as  for  copper. 

The  resistance  in  ohms  of  a  soft  copper  conductor  at  a  given 
temperature  t  in  Centigrade  degrees  may  be  obtained  from  the 
following  expression  :  — 

-,       9.586  (1  +  .00387/  +  .00000597/«)  /  ... 

Kt  = -j^  ^'  (o; 

This  assumes  the  ordinary  form  of  Matthiessen's  formula 
(Equa.  8),  and  gives  slightly  different  results  from  those  set  forth 
in  the  table  on  page  8,  as  already  explained. 

The  very  simple  expression,  — 

^^^9,6(1 +  .0040/  (6) 

gives  values  agreeing  exactly  with  Matthiessen's  original  formula 
at  28**  C,  and  not  differing  by  more  than  two-tenths  of  one  per 
cent  between  0*^  and  85°  C,  which  covers  the  ordinary  tempera- 
ture range  of  conductors  used  in  electrical  distribution.  At  60° 
C,  which  is  the  usual  heating  limit  allowed  in  electrical  machin- 
ery, the  results  obtained  from  Equation  6  are  three-quarters  of 
one  per  cent  less  than  those  of  Matthiessen.  This  expression  is 
therefore  sufficiently  accurate  for  almost  any  practical  calculation. 
In  fact,  the  variation  in  resistance  of  copper  is  so  great  with 
ordinary  changes  in  temperature  that  it  is  rarely  possible  to  pre- 
determine it  with  great  accuracy.  The  temperature  of  an  over- 
head line  may  vary  from  natural  causes  enough  to  alter  the  resis- 
tance about  25  per  cent.  A  further  increase  due  to  the  heating 
effect  of  the  current  would  make  a  total  change  of  about  40  per 
cent  in  resistance.  Underground  and  interior  conductors  are  not 
subject  to  such  extreme  variations  in  the  temperature  of  their 
environment,  but  they  often  amount  to  many  degrees,  particularly 
for  the  latter ;  and  the  heating  effect  of  the  current  may  be  equally 
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great.  Fortunately,  however,  in  electrical  transmission  or  distri- 
bution the  current  does  not  ordinarily  heat  wires  more  than  5  or 
10  degrees,  the  loss  of  voltage  being  usually  the  controlling  factor. 
Under  the  head  of  current  capacity  the  rise  in  temperature  of  the 
various  kinds  of  conductors  will  be  discussed  later. 

In  any  given  case  the  probable  temperature  around  a  conductor 
and  the  rise  due  to  the  current  can  be  at  least  approximately  de- 
termined, so  that  resistance  calculations  can  be  made  accordingly. 

It  is  customary  to  specify  in  plans  and  contracts  that  copper 
for  electrical  purposes  shall  have  a  conductivity  not  less  than  98 
per  cent  of  Matthiessen's  standard.  In  some  cases  only  96  per 
cent  is  required  ;  but  it  should  not  be  allowed  to  fall  below  this 
limit,  as  it  is  perfectly  practicable  to  obtain  copper  of  such  quality, 
and  inferior  grades  would  not  be  enough  cheaper  to  make  up  for 
their  lower  conductivity.  Allowance  should  be  made  for  this  fact 
in  calculating  the  resistance  of  conductors. 

The  Drop,  or  Lost  Pressure  in  Volts.  —  This  is  the  first  effect 
of  resistance  in  electrical  distribution,  and  is  very  easily  and  defi- 
nitely determined  from  Ohm*s  law  by  changing  its  ordinary  form 
I  =  E I R  into  E  =  IR.  This  is  not  only  true  of  the  whole  cir- 
cuit, but  also  applies  to  any  portion  or  branch  of  the  circuit ;  and 
ordinarily  it  is  far  simpler  and  more  likely  to  avoid  errors  if  each 
part  of  the  circuit  is  considered  separately.  In  the  case  of  a  very 
complicated  electrical  system,  it  would  be  practically  out  of  the 
question  to  treat  the  circuit  as  a  whole  ;  but  it  is  always  possible  to 
divide  the  system  of  conductors  into  separate  lengths,  in  each  of 
which  we  can  determine  the  current,  the  resistance,  and  therefore 
the  fall  of  potential  which  takes  place.  In  most  practical  work  the 
current  in  amperes  is  given,  since  it  is  usually  known  how  many 
lamps  or  how  much  power  are  to  be  supplied.  It  then  becomes 
necessary  to  calculate  the  value  of  the  resistance  in  order  to  have 
the  proper  value  for  the  drop,  the  latter  being  assumed  or  fixed  by 
the  conditions  in  Ccfch  case.  The  common  idea  that  a  short  con- 
ductor of  very  large  diameter  has  no  appreciable  resistence  is  quite 
fallacious.  For  example,  a  bar  of  copper  one  foot  long  and  one 
inch  in  diameter  has  about  one  hundred-thousandth  of  an  ohm  re- 
sistance. While  this  may  be  a  negligible  amount  in  most  cases, 
it  is  always  perfectly  definite,  and  is  often  quite  appreciable.  Such 
a  rod  would  carry  one  thousand  amperes  with  a  drop  of  one  hun- 
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dredth  of  a  volt  between  its  ends,  or  ten  volts  per  thousand  feet, 
which  is  by  no  means  insignificant.  Bars  of  this  size  or  larger  are 
often  used  in  practice  carrying  correspondingly  heavy  currents; 
hence  it  is  not  safe  to  ignore  resistance,  even  in  the  case  of  very 
large  conductors. 

Loss  of  Energy.  —  The  second  objectionable  effect  which  re- 
sistance produces  in  electrical  distribution  is  the  loss  of  energy 
which  it  occasions.  This  loss  is  absolute,  and  must  always  occur 
whenever  a  current  flows  through  a  resistance.  The  exact  value 
of  this  loss  is  given  by  the  expressions :  — 

Watts  lost  =  y«i?=^/=^ 

in  which  I  is  the  current  in  amperes,  R  is  the  resistance  in  ohms, 
and  E  is  the  drop  or  lost  pressure  in  volts,  being  applicable  either 
to  the  whole  circuit  or  to  any  part  of  it.  From  one  of  these  ex- 
pressions the  loss  of  energy  can  always  be  ascertained,  provided 
any  two  of  the  three  quantities  are  known.  These  equations  give 
the  loss  which  occurs  continuously  so  long  as  the  current  flows ; 
that  is,  the  rate  of  dissipation  of  energy  or  the  power  wasted. 
For  a  given  time  /  in  seconds  — 

Loss  of  energy  (in  joules  or  watt-seconds)  =  I^  Et  ^  E  Ir  =  -—=- 

To  find  the  loss  of  energy  in  heat  units,  any  of  the  above  values 
may  be  multiplied  by  .24  for  calories  (gram -degree  cent.),  or  by 
.00095  to  obtain  British  thermal  units  (pound-degree  Fahr.). 

This  loss  of  energy,  while  quite  considerable  in  almost  every 
electrical  system,  usually  amounting  to  from  5  to  26  per  cent,  is 
rarely  the  controlling  consideration  in  electric  lighting.  The  drop, 
which  has  already  been  considered,  and  the  heating  limit,  which 
will  be  discussed  later,  are  usually  of  more  consequence  than  the 
mere  waste  of  a  small  fraction  of  the  total  energy,  the  success  or 
failure  of  an  electric  lighting  plant  being  dependent  upon  keeping 
them  within  certain  limits. 

Economy  in  Design  of  Conductors.  —  In  many  cases,  particu- 
larly for  long-distance  transmission  in  contradistinction  to  local 
distribution,  the  relation  between  the  first  cost  of  the  conductors 
and  the  energy  lost  in  them  may  be  a  matter  of  prime  importance. 
This  subject  was  first  attacked  in  1881  by  Lord  Kelvin,  then  Sir 
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William  Thomson,  who  read  before  the  British  Association  a  paper 
on  "The  Economy  of  Metal  Conductors  of  Electricity,"  in  which 
he  attempted  to  give  a  general  solution  of  the  problem.  The  con- 
clusion reached  by  him,  and  now  known  as  "  Kelvin's  Law,"  may 
be  stated  in  the  following  language :  Tlu  most  economical  size  of 
conductor  is  that  for  which  the  annual  interest  on  capital  outlay 
equals  the  annual  cost  of  energy  wasted.  In  other  words,  the  total 
annual  expenditure  for  interest  on  the  investment  and  energy  lost  on 
the  line  is  a  minimum  when  these  two  items  are  equal  to  each  other. 

The  importance  of  this  law  has  usually  been  greatly  overesti- 
mated, but  gradually  its  limitations  have  been  brought  out.  In 
1886  Professors  Ayrton  and  Perry  showed,  in  papers  before  the 
Society  of  Telegraph  Engineers  and  Electricians,  that  Kelvin's 
Law  applies  only  in  certain  cases  ;  and  they  gave  various  modifica- 
tions and  extensions  of  it.  Professor  George  Forbes  has  also  con- 
tributed to  this  subject  in  his  Cantor  Lectures  of  1885,*  in  which 
he  showed  that  the  portion  of  the  investment  which  is  not  propor- 
tional to  the  cross-section  of  the  conductor  should  be  kept  separate, 
so  that  the  amended  law  becomes :  The  most  economical  area  of 
conductor  is  that  for  which  the  annual  cost  of  energy  wasted  is  equal 
to  the  annual  interest  on  that  portion  of  the  capital  outlay  which  is 
proportional  to  the  area  or  weight  of  metal  used.  Professor  William 
A.  Anthony,  in  an  article  on  "  Economy  in  Conductors,  and  the 
Limitations  in  the  Applicability  of  Kelvin's  Law,"  |  demonstrates 
that  in  some  cases  Kelvin's  Law  gives  absurd  results,  and  may, 
for  example,  require  that  all  of  the  energy  should  ^e  wasted  in  order 
to  secure  the  highest  economy.  This  is  due  to  the  fact  that  the 
minimum  expense  of  operation  is  considered,  and  the  energy  deliv- 
ered at  the  end  of  the  line,  which  is  still  more  important,  is  entirely 
ignored.  In  fact,  a  great  many  laws  of  this  kind  can  be  deduced 
according  to  what  factors  are  considered. 

Kilgour  \  and  Abbott  §  give  15  possible  combinations  of  the 
six  variable  factors  involved  in  the  problem,  but  state  that  only 
11  of  these  are  likely  to  be  of  any  practical  importance.  The  six 
factors  and  the  11  cases  are  as  follows : 

•  London  Electrician^  vols.  xv.  and  xvi. 

t  Electrical  Engineer  (N.  Y.),  Oct.  31,  1894. 

X  Electrical  Distribution,  London,  1893,  p.  115. 

§  Electrical  Transmission  of  Energy,  N.  Y.,  1895,  p.  457. 
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V  =  the  pressure  at  the  receiving  end  of  the  conductor ; 

V  =  the  pressure  at  the  delivering  end  of  the  conductor; 
W  =  the  power  given  to  the  receiving  end  of  the  conductor ; 

w  =  the  power  obtained  at  the  delivering  end  of  the  conductor ; 

/=  the  current  in  amperes,  and  - 

S  =  the  cross-section  of  the  conductor. 


CASK  NO. 

GXVBN. 

RBQOIRBO. 

CASK  KO. 

GXVBN. 

XSQUIRBD. 

1 

F,v. 

/,    IV,  W,   S. 

7 

V.S. 

y,  I,  w,  w. 

2 

K/. 

V,    W,  W,   S. 

8 

/,  S. 

V,  V,  W,  w. 

3 

V.w. 

V,  /,  IV,.S. 

0 

IV,  w. 

V,  V,  I.  S. 

4 

V.S. 

V,  I,  W,  w. 

10 

IV.  S. 

V,  V.  I.  w. 

5 

V.   I. 

V,  W,  w,  S. 

11 

w,  S. 

y,  V.  I,  w. 

6 

V,  ;k. 

V,  I,  V,,  S. 

This  is  a  far  more  complete  treatment  of  the  question  than 
that  originally  given,  Kelvin's  Law  being  only  one  (No.  6)  of 
these  11  different  cases.  But  any  of  these  solutions  of  the  prob- 
lem is  of  somewhat  doubtful  practical  value ;  and  it  is  probably 
true  that  Kelvin's  Law,  or  any  modification  or  extension  of  it  that 
has  yet  been  brought  out,  has  done  more  harm  than  good  in  elec- 
trical engineering.  It  gives  a  false  confidence  in  the  results  of 
calculations  which  may  be  totally  at  variance  with  real  commercial 
economy.  The  reason  for  this  difficulty  lies  chiefly  in  the  fact  that 
the  actual  costs  of  some  of  the  items  cannot  be  expressed,  even 
approximately,  as  mathematical  functions.  Furthermore,  various 
incidental  factors  and  particular  conditions  arise,  such  as  the  avail- 
able sizes  of  machines,  which  render  a  general  solution  of  this 
problem  of  questionable  value  in  the  actual  cases  which  are  found 
in  practical  work. 

It  is  a  common  mistake  to  forget  that  the  interest  and  depre- 
ciation on  the  investment  is  a  fixed  and  irretrievable  expense, 
while  the  energy  lost  on  the  conductor  depends  upon  the  power 
transmitted.  When  the  plant  is  lightly  loaded,  or  is  shut  down 
entirely,  owing  to  hard  times,  strikes,  etc.,  the  fixed  charges  run 
on  as  usual,  but  the  energy  loss  is  greatly  reduced,  or  stopped 
altogether.  Hence  it  is  not  wise  to  lay  the  full  amount  of  copper 
corresponding  to  the  maximum  or  even  ordinary  demands,  as  there 
is  no  control  over  the  investment  after  it  is  once  made,  whereas 
the  energy  loss  adjusts  itself  to  the  working  conditions. 

Probably  the  safest,  as  well  as  the  quickest,  method  to  arrive 
at  a  correct  result  would  be  to  obtain  a  general  solution  of  the 
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problem  by  means  of  some  form  of  Kelvin's  Law;  then  this  re- 
sult should  be  carefully  checked  by  assuming  a  larger  and  also  a 
smaller  wire,  and  estimating  the  economy  that  would  be  secured 
if  they  were  substituted  for  the  size  of  wire  obtained  by  the  calcu- 
lation. The  difficulties  of  determining  the  various  items  of  ex- 
pense are  greatly  reduced  by  assuming  a  certain  size  of  wire,  and 
the  several  factors  that  are  almost  impossible  to  cover  by  a  gen- 
eral formula,  immediately  become  definite.  Scientific  and  rational 
methods  should  always  be  preferred  to  empirical  ones ;  but  every 
experienced  engineer  will  admit  that  when  complicated  questions 
of  cost  arise  it  is  unwise  to  rely  entirely  upon  general  formulae, 
which  are  almost  necessarily  abstract  and  incomplete.  The  at- 
tempt to  force  science  beyond  its  legitimate  limits  has  done  great 
injury  to  many  industrial  enterprises  as  well  as  to  science  itself. 

Specific  examples  of  this  problem  will  be  considered  later  in  the 
case  of  constant-current  arc-lighting  circuits  and  feeders  for  con- 
stant potential  systems. 

Cttrrent-Carrying  Capacity  of  Conductors.  —  The  third  objec- 
tionable effect  of  resistance  in  electrical  distribution  is  the  heating 
which  it  causes.  The  production  of  heat  in  an  electrical  conduc- 
tor has  already  been  stated  in  terms  of  the  various  quantities  in- 
volved. This  heat  is  an  absolutely  definite  and  unavoidable  result 
of  the  flow  of  the  current.  Its  effect  is  to  raise  the  tempera- 
ture of  the  conductor,  and  this  rise  continues  until  the  rate  at 
which  heat  is  lost  equals  the  rate  at  which  it  is  generated ;  then 
the  temperature  becomes  constant.  It  is  obvious,  therefore,  that 
any  electrical  conductor  is  only  capable  of  carrying  a  certain  cur- 
rent with  a  given  elevation  of  temperature,  and  in  practical  work 
the  allowable  temperature  is  limited  by  considerations  of  injury  to 
insulation,  danger  of  fire,  etc.  No  exact  general  rule  for  current 
capacity  can  be  given,  as  much  depends  upon  the  conditions  in 
each  case.  But,  since  a  wide  margin  must  be  allowed  between  the 
danger  point  and  the  permissible  current  capacity,  it  is  possible 
to  establish  rules  which  are  somewhat  arbitrary,  but  sufficiently 
safe  in  almost  any  case.  This  is  practicably  the  basis  upon  which 
tables  are  made  giving  the  current  that  it  is  allowable  for  any  size 
of  Wire  to  carry.  These  tables  are  partly  based  upon  general 
experience,  and  partly  the  results  of  experiment  and  calculation. 
The  first  rule  of  this  kind  originated  with  Lord  Kelvin,  and 
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was  adopted  by  the  Board  of  Trade  (London).  It  stated  that  the 
current  density  in  copper  conductors  should  not  exceed  1,000 
amperes  per  square  inch  of  cross  section. 

Professor  George  Forbes  discussed  this  problem  in  a  paper 
read  before  the  Institution  of  Electrical  Engineers  (London)  in 
March,  1884,  and  showed  that  the  Board  of  Trade  rule  was  hardly 
safe  for  very  large  conductors,  and  gave  an  unnecessarily  large 
margin  for  small  wires.  This  fact  is  very  evident  when  it  is  con- 
sidered that  the  current  at  a  given  density  and  also  the  heating 
increase  in  proportion  to  the  square  of  the  diameter  of  a  wire, 
while  the  heat-dissipating  surface  only  increases  as  the  diameter. 

Dr.  A.  E.  Kennelly  has  given  the  results  of  his  investigations 
in  two  papers  before  the  Association  of  Edison  Illuminating  Com- 
panies, Aug.  13,  1889,  and  Aug.  11,  1893.*  He  determined  by 
calculation  and  experiment  the  heating  of  conductors  submerged 
in  water,  buried  in  the  earth,  inclosed  in  wooden  molding,  and 
suspended  in  air. 

It  is  found  that  there  is  not  such  a  great  difference  between 
the  heating  effects  under  these  various  conditions.  An  insulated 
cable  in  water  is  the  simplest  case ;  since  the  rise  in  temperature 
of  the  conductor  depends  merely  upon  the  thermal  resistance  of 
the  insulation,  the  outer  surface  (or  sheathing)  of  the  latter  being 
kept  at  a  constant  temperature  by  the  water.  An  underground 
conductor  only  differs  from  the  foregoing  in  the  fact  that  its 
sheathing  may  rise  in  temperature  because  heat  is  not  taken  from 
it  rapidly  enough  by  the  surrounding  soil  or  conduit.  In  other 
words,  the  thermal  resistance  of  the  conduit  and  soil  is  added  to 
that  of  the  insulating  covering.  For  underground  conductors  in 
iron  pipe  conduits  laid  in  cement,  the  temperature  elevation  due 
to  this  cause  would  be  small,  probably  not  more  than  10  or  20 
per  cent  greater  than  that  of  the  same  cables  submerged  in  water. 
The  heating  of  conductors  in  wooden  or  even  earthenware  con- 
duits would  be  considerably  greater,  and  in  the  case  of  the  former 
might  be  considered  to  be  the  same  as  for  those  placed  in  wooden 
panels  or  molding,  the  rules  for  which  will  be  given  later.  Insu- 
lated wires  suspended  in  air  are  more  highly  heated  than  similar 
submarine  or  most  underground  conductors,  for  the  reason  that 
the  thermal  losses  by  radiation  and  convection  through  the  air  are 

*  Electrical  World,  Nov.  23  and  30,  1889  and  Sept.  2  and  9,  1893. 


Digitized  by  VjOOQIC 


ELECTRICAL  DISTRIBUTION,  15 

less  than  those  through  water  and  solid  bodies,  except  those  which 
are  very  poor  conductors  of  heat,  such  as  wood.  For  similar  rea- 
sons the  temperature  rise  of  a  bare  wire  in  air  is  usually  greater 
than  that  of  the  same  wire  covered  with  insulating  material.  The 
effect  of  the  latter  is  to  increase  the  surface  from  which  heat  is 
radiated  and  carried  away  by  convection.  In  most  cases  a  con- 
siderable increase  in  the  temperature  of  a  bare  wire  is  not  objec- 
tionable except  so  far  as  it  represents  loss  of  energy.  The  real 
limitation  to  the  heating  of  electrical  conductors  is  the  point  at 
which  their  insulation  is  likely  to  be  injured. 

The  following  are  standard  tables,  giving  the  maximum  current- 
carrying  capacity  of  different  sizes  of  insulated  copper  conductors  : 

TABLES    OF    CURRENT-CARRYING    CAPACITY. 
TABX«E   1.  TABLB  8.  TABIiS  3.  TABIiE  S.    TABIiB  8. 


A.  W.  G. 

AMPBRBS. 

AMPERES. 

AMPBRBS. 

CIRCULAR   MILLS. 

AMPBRBS. 

AMPBRBS. 

18 

3 

3 

5 

200,000 

200 

300 

16 

5 

0 

8 

300,000 

270 

400 

14 

10 

12 

16 

400,000 

330 

600 

12 

15 

17 

23 

500,000 

390 

590 

10 

20 

24 

32 

600,000 

450 

680 

8 

25 

33 

46 

700,000 

500 

760 

6 

35 

46 

65 

800,000 

550 

840 

5 

45 

54 

77 

900,000 

600 

920 

4 

50 

65 

92 

1,000,000 

660 

1,000 

3 

60 

76 

110 

1,100,000 

690 

1,080 

2 

70 

90 

131 

1,200,000 

730 

1,150 

1 

85 

107 

156 

1,300,000 

770 

1,220 

0 

100 

127 

185 

1,400,000 

810 

1,290 

00 

120 

150 

220 

1,500,000 

850 

1,360 

000 

146 

177 

262 

1,600,000 

890 

1,430 

0000 

175 

210 

312 

1,700,000 
1,800,000 
1,900,000 
2,000,000 

930 

970 

1,010 

1,060 

1,490 
1,550 
1,610 
1,670 

Table  No.  1  is  based  upon  Kennelly's  experiments,  and  is  in- 
tended to  allow  a  rise  in  temperature  of  76°  F.  for  twice  the  cur- 
rent specified,  thus  giving  an  ample  factor  of  safety.  The  normal 
current  would  only  raise  the  temperature  18J°  F.,  since  the  heating 
effect  is  proportional  to  the  square  of  the  current.  The  National 
Electrical  Code  permits  a  current  density  20  to  25  per  cent 
greater  than  the  foregoing,  the  figures  being  given  in  Table  2. 
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This  would  give  a  temperature  elevation  of  27**  to  80°  F.,  and  still 
allows  a  considerable  increase  (about  60  per  cent)  in  current 
above  the  rated  value  without  injurious  effects.  This  applies  to 
rubber-covered  wires,  which  should  never  be  heated  above  150°  P\, 
and  should  have  a  normal  working  temperature  considerably  below 
this  limit,  in  order  to  have  a  margin  for  safety.  Table  3  permits 
a  still  greater  current  density,  and  is  used  for  wires  with  "  weather 
proof*  insulation,  which  is  not  so  susceptible  as  rubber  to  injury 
by  heat. 
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CHAPTER   II. 

8BRIE8   878TBM8   OF  ELECTRICAL  DISTRIBnTION. 

The  various  systems  of  electrical  transmission  and  distribution 
are  classified  in  the.  following  table.  They  are  especially  selected 
with  reference  to  their  use  in  electric  lighting;  but  they  include 
those  employed  for  power  transmission  and  other  electrical  pur- 
poses, the  same  principles  and  methods  being  generally  applicable. 

SYSTEMS  OF  KLECTBICAL  DISTBIBUTION. 
SERIES    SYSTEMS. 

Constant  Current.    Voltase  usually  varied.    Direct  Current. 

1.  Series  arc  lighting. 

Usually  operated  at  about  10  amperes  and  50  volts  per  lamp. 

2.  Series  incandescent  lighting. 

About  10  amperes  and  10  to  30  volts  per  lamp  (about  3  candle- 
power  per  volt). 

3.  Series  incandescent  lighting  ("Municipal  systems"). 

Three  to  3.5  amperes  and  20  to  50  volts  per  lamp  (1  volt  per  candle- 
power). 

4.  Series-parallel  incandescent  lighting. 

Similar  to  No.  2,  but  single  lamps  replaced  by  groups  in  parallel. 

5.  Direct  current  converter  systems  for  incandescent  or  arc  lighting. 

Motor-dynamos  in  series,  lamps  supplied  by  secondary  circuits. 

Alternating  Current. 

6.  7,  8,  9,  and  10.    Alternating  current  systems  corresponding  to  Nos.  1, 

2,  3,  4,  and  5. 

PARALLEL    SYSTEMS. 

Coostant  Potential.     Current  varies  with  number  of  lamps.    Direct  Current. 

VL,   Two-wire  incandescent  and  arc  lighting  (about  110  or  220  volts). 

12.  Three-wire  incandescent  and  arc  lighting  (about  220  or  440  volts). 

13.  Five-wire  incandescent  and  arc  lighting  (about  440  volts). 

24.    Two^wire  with  motor  converters   in  parallel  (primary  1,000  to  5,000 
volts). 
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Single  phase  Alternating  Current. 

15.  Low  tension  incandescent  and  arc  lighting  without  transformers. 

This   corresponds  to  No.  11.     Other  alternating  current  systems 
similar  to  Nos.  12,  13,  and  14  have  not  been  introduced. 

16.  High-tension  incandescent  and  arc  lighting  with  transformers. 

,  Primary  circuit  1,000  to  5,000  volts,  two-  and  three-wire  secondary 
circuits  at  about  50,  100,  or  200  volts. 

17.  Very  high  tension  systems  with  step-up  and  step-down  transformers. 

Long  distance  transmission  circuit  5,000  to  25,000  volts. 

Folyphaae  Alternating  Current. 

18.  Two-phase  system. 

19.  Three-phase  system. 

20.  Monocyclic  system. 

For  the  sake  of  completeness,  the  above  table  includes  almost 
every  possible  system  of  electrical  distribution,  but  many  of  them 
are  unimportant  or  entirely  obsolete  at  the  present  time.  The 
systems  which  are  now  more  or  less  generally  used  are  Nos.  1, 11, 
12,  13,  14,  16,  17,  18,  19,  and  20.  The  last  three  are  primarily 
intended  to  operate  motors,  but  are  also  employed  in  many  cases 
for  electric  lighting. 

SERIES  SYSTEMS  OF  DISTRTBUTION. 

The  simplest  arrangement  of  lamps  or  other  devices  to  be  sup- 
plied with  electrical  energy  is  a  series  system  in  which  the  cur- 
rent from  the  +  terminal  of  the  dynamo,  Z>,  passes  first  through 


fig.  1.    Series  Arc  Circuit. 

one  lamp,  Z,  and  then  through  another,  and  so  on,  finally  returning 
to  the  —  terminal  of  the  dynamo,  as  shown  in  Fig.  1.  In  such 
cases  the  current  is  usually  constant,  hence  the  expression  constant 
current  is  practically  synonymous  with  series  in  electrical  distribu- 
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tion.  The  term  high  tension  also  applies,  since  the  voltage  usually 
employed  is  high,  being  equal  to  the  sum  of  the  pressures  con- 
sumed in  all  of  the  lamps  on  the  circuit.  For  example,  sixty 
lamps  are  commonly  placed  upon  a  single  arc-lighting  circuit ;  and 
since  each  lamp  (open  arc)  requires  about  fifty  volts,  it  follows 
that  the  total  pressure  approximates  3,000  volts.  The  problem  of 
designing  or  studying  series  circuits  is  not  difficult,  the  path  of  the 
current  being  usually  simple,  and  the  current  constant  throughout 
the  circuit.  This  last  statement  is  only  true,  however,  if  the  leak- 
age of  current  is  insignificant,  which  is  generally  the  case  in  elec- 
tric light  and  power  distribution. 

Distribution  of  Potential  on  Series  Systems.  — The  potential  on 
a  series  system  falls  throughout  the  circuit  in  direct  proportion  to 
the  resistance.  That  is,  E=^IR,  the  difference  of  potential  E  in 
volts  between  any  two  points  being  equal  to  the  product  of  the 
current  /  in  amperes  and  the  resistance  R  in  ohms  included 
between  them.  This  simple  fact  completely  covers  any  possi- 
ble problem  that  can  arise  in  connection  with  a  series  system,  pro- 
vided a  direct  current  is  used,  and  is  easily  applied  in  almost  any 
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Fig.  2.    Distribution  of  Potential  on  Series  System. 

case.  In  Fig.  2  an  arc-lighting  system  is  represented,  D  being 
the  dynamo  and  Z,  Z,  L,  the  lamps,  connected  in  series.  The  total 
difference  of  potential  generated  by  the  dynamo  is  assumed  to  be 
1,000  volts,  measured  between  the  two  brushes  marked  +  and  — . 
This  potential  falls  as  the  current  traverses  the  circuit,  fifty  volts 
being  consumed  by  each  of  the  twenty  lamps.  This  is  made  up 
of  forty-five  volts  actually  used  in  the  lamp  itself,  and  a  drop  of 
five  volts  on  the  conductor  between  two  lamps.  That  is,  the  drop 
on  the  line  wire  is  usually  about  10  per  cent  of  the  total  E,M.F, 
The  relative  potential  of  the  various  points  on  the  circuit  is  easily 
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found.  For  exampie,  between  the  +  brush  and  the  middle  point 
M  of  the  circuit,  there  is  a  difference  of  potential  of  600  volts,  and 
the  same  amount  between  the  middle  point  and  the  —  brush. 
Similarly  any  two  points  on  the  circuit  will .  have  a  difference  of 
potential  equal  to  fifty  volts,  multiplied  by  the  number  of  lamps 
included  between  them. 

Personal  Panger  from  Series  Circttits.  —  If  a  man  standing  on 
the  ground  touches  a  very  highly  insulated  circuit,  only  a  very 
slight  current  will  pass  through  his  body ;  but  if  the  insulation  is 
low  or  any  defect  exists  at  any  particular  point,  then  a  considerable 
current  may  flow  through  his  body.  In  Fig.  2  the  line  is  supposed 
to  have  a  ground  connection  at  the  point  P^  due  to  a  defect  in  the 
insulation.  This  will  cause  the  potential  of  the  circuit  to  be  zero 
at  that  point ;  consequently  a  man  may  stand  on  the  ground,  and 
touch  the  line  at  that  point  with  perfect  impunity.  If  he  touches 
the  wire  at  point  Q  he  will  receive  a  barely  perceptible  shock,  due 
to  100  volts,  since  there  are  two  lamps  between  that  point  and  the 
ground  connection ;  but  if  the  circuit  be  touched  at  the  point  R^ 
the  difference  of  potential  between  it  and  the  ground  connection 
being  18  x  50  =  900  volts,  will  produce  a  dangerous,  or  perhaps 
fatal,  current.  When  the  defect  in  the  insulation  does  not  amount 
to  what  is  called  "  dead  ground,"  but  has  a  resistance,  for  example, 
of  1,000  ohms,  then  a  man  touching  the  wire  at  the  point  R  will 
receive  a  shock  due  to  900  volts  as  before ;  but  the  resistance  of 
the  ground  connection,  which  is  1,000  ohms,  will  be  in  series  with 
his  body.  Consequently  the  current  will  be  less ;  and,  assuming 
the  resistance  of  his  body  to  be  1,000  ohms,  the  current  will  be 
one-half  as  great  as  in  the  first  case.  If  the  ground  connection 
has  a  resistance  of  8,000  ohms,  the  current  through  the  body  would 

^c   ttittt::. ^  ^^^  =  IT-;;-  of   an  ampere,  which   is  not  dangerous. 

8,000+1,000      10  ^      '  ^ 

We  may  sum  up  these  various  cases  as  follows  :  — 

1.  A  very  highly  insulated  direct-current  electrical  circuit  may 
be  touched  at  any  one  point  without  danger  by  a  man  standing  on 
or  in  connection  with  the  ground. 

2.  If  a  ground  connection  exists  on  a  series  electrical  circuit, 
the  danger  of  touching  the  circuit  increases  directly  with  the  resist- 
ance between  the  ground  connection  and  the  point  of  contact. 

3.  The  resistance  of  the  ground  connection  is  in  series  with 
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the  body  of  any  one  connected  with  the  ground  and  touching  the 
wire  at  some  other  point. 

4.  It  is  never  safe,  however,  to  assume  the  insulation  to  be 
perfect,  or  that  a  ground  connection  exists  at  some  particular 
point,  or  that  it  has  a  high  resistance.  The  circuit  should  always 
be  treated  as  if  the  most  dangerous  possible  conditions  exi3ted. 

Regulation  of  Series  Systems.  —  The  condition  required  on 
series  circuits  is  usually  the  maintenance  of  a  constant  current. 
This  is  accomplished  by  designing  the  dynamo  so  that  it  will 
automatically  generate  a  nearly  constant  current.  The  various 
dynamos  used  in  series  arc-lighting,  such  as  the  Brush,  Thomson- 
Houston,  and  Wood  machines,  are  well-known  examples  of  this 
type  of  generator.  They  are  provided  with  regulating  devices, 
which  either  shift  the  brushes  or  vary  the  strength  of  the  field, 
or  both,  in  order  to  keep  the  current  at  a  constant  value.  In 
addition  to  these  special  regulators,  such  machines  are  so  designed 
that  they  have  considerable  self-induction,  resistance,  and  armature- 
reaction,  all  of  which  tend  to  prevent  the  current  from  rising  to 
a  high  value,  even  when  the  machine  is  short-circuited.* 

Series  Arc-Lighting  System.  —  The  general  arrangement  of  the 
apparatus  and  circuit  is  represented  in  Fig.  1.  The  dynamo  and 
lamps  may  be  selected  from  the  various  well-known  and  thoroughly 
successful  forms  of  constant-current  arc-lighting  apparatus.  The 
determination  of  the  proper  size  of  wire  is  not  very  difficult.  Gen- 
eral custom  and  considerations  of  strength  require  that  no  wire 
.  smaller  than  No.  8,  A.  W.  G.,  should  be  used.  Similarly  it  would 
not  usually  be  necessary  to  employ  a  conductor  larger  than  No.  4, 
because  the  potential  being  high,  and  the  current  small,  the  loss  of 
energy  is  not  great,  even  in  a  wire  several  miles  in  length.  To 
take  a  specific  case,  let  us  assume  a  circuit  five  miles  long,  supply- 
ing 80  arc  lamps,  the  potential  being  4,000  volts  and  the  current 
10  amperes.  If  No.  6  wire  is  used,  the  resistance  would  be  2.1 
ohms  per  mile,  or  10.5  ohms  for  the  whole  line.  This  involves 
a  drop  of  105  volts  and  a  loss  of  energy  of  1,050  watts,  which  is 
only  2.68  per  cent ;  consequently  it  is  evident  that  the  use  of  a 
little  larger  or  a  little  smaller  wire  would  not  seriously  affect  the 
economical  working  of  such  a  line.  The  substitution  of  No.  3 
for  No.  6  wire  would  save  one-half  the  loss  of  energy,  the  cross- 

♦  For  a  description  of  such  machines  sec  Vol.  I.,  p.  330. 
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section  and  weight  being  twice  as  great,  and  the  cost  of  the  insu- 
lated conductor  would  be  nearly  doubled.  With  No.  6  wire  the 
total  weight  of  copper  would  be  2,098  pounds,  and  the  cost  of  the 
wire  (insulated)  would  be  about  $500.  It  is  doubtful  if  it  would 
be  wise  to  invest  an  additional  $500  in  order  to  use  No.  3  wire 
and  save  one-half  the  energy  or  525  watts. 

The  New  Brush  Arc-Lighting  System  is  an  interesting  case 
of  series  distribution.  In  the  original  type  of  Brush  dynamo  the 
armature  is  provided  with  two  or  more  separate  open-coil  windings, 
connected  to  a  corresponding  number  of  commutators.  The  cir- 
cuit leads  through  these  windings  in  series,  so  that  the  construc- 
tion may  be  regarded  as  equivalent  to  several  armatures  in  series. 
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Figa.  3  and  4.    Original  Arranqement  of  Brush  Arc  Lighting  System. 

This  arrangement  is  represented  diagrammatically  in  Fig.  3,  in 
which  A,  By  and  C  are  three  commutators  connected  in  series  with 
each  other  and  with  the  line  that  supplies  a  number  of  lamps, 
Z,  Z,  etc.,  in  the  usual  manner.  Assuming  each  armature  wind- 
ing to  generate  2,000  volts,  the  total  E.M.F:  of  the  machine  will 
be  6,000  volts.  The  distribution  of  potential  in  this  case  is  shown 
in  Fig.  4,  the  +  brush  of  C  being  +  3,000  volts,  and  the  —  brush 
of  A  being  —  3,000  volts,  with  respect  to  the  potential  of  the 
earth,  which  is  represented  by  the  zero  line  00.  The  fall  of 
potential  through  the  circuit  is  indicated  by  the  inclined  lines,  P  O 
and  O  N,  the  total  amount  being  6,000  volts,  and  the  middle  point 
being  zero.  This  assumes  an  ideal  case  with  a  uniform  distribu- 
tion of  conductor  resistance  and  insulation  resistance,  but  would 
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be  approximately  true  for  a  practical  case  in  which  the  system  was 
in  good  condition.     If  the  insulation  of  some  portion  of  the  circuit 
became   poor,   it    would 
tend  to  make  the  poten-  Pr>:l-6000 

tial  at  that  point  ap- 
proach zero,  producing 
a  corresponding  change 
in  the  rest  of  the  cir- 
cuit. For  example,  a 
ground  connection  at 
the  negative  terminal  N 
would  bring  that  point 
to  zero,  and  the  positive 
terminal  P  would  then 
become  +  6,000  volts,  as  represented  in  Fig.  5. 

The  new  Brush  system,  illustrated  in  Fig.  6,  differs  from  the 
old  in  the  fact  that  the  lamps,  Z,  Z,  are  inserted  in  the  circuit 
between  the  commutators  A,  B,  and  C  in  which  case  the  line  con- 
sists of  three  loops.  With  this  arrangement,  the  E.M.R  generated 
by  each  of  the  three  armature  windings  is  consumed  by  the  lamps 


Fig,  5. 


Dlatrtbution  of  Potential  with  Grounded 
Termlnai. 


Rg.6.  Fig.Z 

Figs.  8  and  7.    New  Arrangement  of  Brush  Arc  Lighting  System. 

4 

between  it  and  the  next  armature  winding,  so  that  the  potential 
does  not  rise  above  +  1,000  volts,  or  fall  below  —  1,000  volts,  in 
the  ideal  case  represented  in  Fig.  7.  Even  if  the  circuit  becomes 
grounded  at  any  point,  the  potential  will  nowhere  exceed  2,000 
volts,  and  the  maximum  difference  of  potential  existing  between 
any  portions  of  the  circuit  will  not  be  greater  than  this  amount. 
A  voltmeter  connected  across  from  the  —  brush  of  B  to  the  + 
brush  of  C  would  only  indicate  2,000  volts,  in  spite  of  the  fact 
that  the  E,M,F.  generated  between  those  points  is  4,000  volts,  the 
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remaining  2,000  volts  being  used  in  the  lamps  between  B  and  C. 
This  reduction  or  subdivision  of  the  total  E3I.F.  is  the  advantage 
of  this  system,  and  avoids  the  dangers  involved  in  the  use  of  the 
ordinary  types  of  machine  for  supplying  a  large  number  (50  to 
200)  of  arc  lamps  in  series.  On  the  other  hand,  it  is  necessary 
to  arrange  the  line  in  several  loops  instead  of  having  one  long  cir- 
cuit. In  Fig.  6,  for  example,  there  would  be  six  wires  running 
out  from  the  station,  while  Fig.  3  would  only  require  two.  Never- 
theless, the  former  plan  may  be  preferable  to  the  operation  of 
three*  separate  dynamos,  which  would  be  less  efficient,  occupy  more 
space,  and  demand  more  attention  than  a  single  large  machine. 

If  desired,  the  number  of  lamps  on  any  loop  may  be  increased 
or  decreased,  since  the  current  is  kept  constant  by  a  regulator  on' 
the  dynamo  ;  and  it  is  quite  immaterial  where  the  resistance  is 
introduced  in  a  series  circuit.  In  fact,  any  or  all  of  the  lamps  may 
be  cut  out,  or  they  may  be  put  upon  two  loops  and  none  on  the 
third,  or  the  full  load  may  be  placed  on  a  single  loop,  in  which 
case  the  arrangement  reduces  to  the  ordinary  one  shown  in  Fig.  8. 
When  the  number  of  lamps  on  any  loop  is  augmented  or  diminished^ 
the  potential  difference  between  its  terminals  varies  in  direct  pro- 
portion, so  that  two-thirds  of  the  lamps  on  one  loop  would  require 
a  P,D,  of  4,000  volts  between  the  brushes  to  which  it  is  connected. 
This  gives  great  flexibility  to  the  system,  and  provided  the  lamps 
are  not  very  unequally  divided,  the  pressure  is  not  excessive  on 
any  one  loop.  It  should  be  noted  that  in  either  the  old  or  the 
new  system,  the  full  E.M.F,  of  6,000  volts  would  be  found  to  exist 
if  the  circuit  be  opened  at  any  point.  Indeed,  the  P,D,  would 
tend  to  rise  momentarily  considerably  above  the  normal  voltage.* 

Series  Incandescent  Lamps  on  Arc  Circuits.  —  Several  forms  of 
incandescent  lamps  have  been  designed  and  manufactured  for  use 
on  the  regular  10-ampere  arc  circuits.  These  consist  of  lamps 
similar  in  general  principle  and  construction  to  those  used  for  con- 
stant potential,  parallel  distribution,  but  containing  a  shorter  fila- 
ment of  larger  cross-section  that  is  sufficiently  heavy  to  carry  the 
full  current  of  10  amperes. 

The  most  important  consideration  is  that  of  maintaining  the 
continuity  of  the  circuit  when  the  filament  of  any  lamp  happens  to 
break,  which  might  occur  at  any  time.     This  may  be  accomplished 

•  Vbl.  I.,  p.  331. 


Digitized  by  VjOOQIC 


SERIES  SYSTEMS  OF  ELECTRICAL  DISTRIBUTION,  25 

by  some  form  of  cut-out,  which  short-circuits  the  lamp  when  the 
filament  is  broken.  One  type  of  this  device  is  called  a  "  film  cut- 
out," and  consists  of  a  thin  sheet,  /%  of  paper  or  other  material 
interposed  between  the  points  P  and  P  connected  to  the  conduc- 
tors A  and  B  which  enter  and  leave  the  lamp,  as  represented  in 
Fig.  8.     This  film  obliges  the  current  to  ^ 

pass  through  the  lamp  so  long  as  the  fil- 
ament is  intact ;  but  when  the  latter 
breaks,  the  difference  of  potential  rises 
from  its  ordinary  value  of  10  or  20  volts 
to  the  full  E,M.R  of  the  circuit,  which 
is  usually  several  thousand  volts.  This 
high  pressure  is  sufficient  to  puncture 
the  film,  allowing  the  current  to  pass  di- 
rectly across  between  the  points  P  and         ^„    ^  ,  ^  f  ?'  *:  ,    , 

-^  '^  Film  Cut^Out  for  8erl98  Incan- 

Py  thus  short-circuiting  the  lamp  and  re-  rf««»«t  Lamp, 

establishing  the  continuity  of  the  circuit. 

In  some  cases  a  small  automatic  switch  is  employed,  which  is 
caused  to  close  and  short-circuit  the  lamp  by  means  of  a  magnet 
connected  across  as  a  shunt  between  the  leads  of  the  lamp.  The 
coils  of  this  magnet  are  of  high  resistance,  and  carry  little  current 
until  the  filament  is  broken,  when  the  full  current  is  thrown 
through  them,  causing  the  switch  to  close. 

<< Municipal"  Series  Incandescent  Lighting  Systems.  —  These 
are  similar  to  the  preceding ;  but  instead  of  operating  with  a  stan- 
dard arc-lighting  current  of  10  amperes,  they  are  usually  designed 
for  about  3  or  8.5  amperes.  This  gives  a  filament  of  sufficient 
length  and  cross-section  to  be  durable,  and  yet  does  not  require 
excessively  large  leading-in  wires.  The  lamps  are  made  of  various 
sizes,  requiring  about  one  volt  per  candle-power.  The  practice 
with  this  system  is  to  feed  the  circuit  with  a  constant  potential, 
usually  from  500  to  1,000  volts,  several  of  such  circuits  being  or- 
dinarily operated  in  parallel  by  the  same  dynamo,  2?,  as  represented 
in  Fig.  9.  This  arrangement  is  therefore  a  parallel-series  system. 
When  the  filament  of  a  lamp  breaks,  and  it  is  automatically  cut 
out  of  the  circuit,  the  current  increases  in  strength,  since  the  total 
resistance  is  reduced,  the  potential  remaining  constant.  I'his  in- 
crease of  current  is  indicated  by  an  ampere  meter,  or  current  indi- 
cator A  placed  in  each  circuit,  and  is  corrected  and  brought  back 
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to  its  normal  value  by  switching  in  an  extra  or  "relief"  lamp  Zp  at 
the  station.  This  is  usually  done  by  an  attendant  who  is  kept  on 
duty  to  watch  the  various  circuits.  The  system  is  rather  a  crude 
one,  and  is  rarely  used  except  for  street-lighting  in  place  of  arc 
lights  where  the  more  powerful  light  of  the  latter  is  not  required. 
EithA*  the  direct  or  alternating  current  is  applicable  to  this  method 
of  distribution,  and  both  have  been  used.  The  current  capacity 
of  the  dynamo  must  be  sufficient  to  supply  the  various  circuits  in 
parallel.  In  the  case  shown  (Fig.  9),  the  current  required  would 
be  15  amperes,  since  thefe  are  6  rows  of  lamps,  each  taking  8  am- 
peres. With  10  lamps  of  50-candle-power  and  60  volts  in  series, 
the  dynamo  should  operate  at  a  constant  potential  of  500  volts.  A 
shunt  or  compound  wound  direct  current  machine,  or  a  separately 
excited  or  composite  alternator,  would  be  suitable  for  the  purpose. 


Fig.  9.    Parallel-Series  System  of  Distribution. 

In  the  case  of  the  compound  or  composite  machines  they  should 
simply  give  an  absolutely  constant  potential,  since  the  number  of 
lamps,  and  therefore  the  drop,  on  each  circuit  is  constant. 

Series-Parallel  Incandescent  Lighting  Systems  may  be  arranged 
in  the  manner  indicated  in  Fig.  10.  Several  lamps  are  arranged 
in  parallel  to  form  a  group,  and  a  number  of  such  sets  are  con- 
nected in  series,  as  shown.  It  is  not  necessary  for  the  groups  to 
be  identical,  provided  they  are  all  adapted  to  take  the  same  current 
in  amperes,  which  should  be  kept  constant,  and  provided  the 
lamps  of  each  set  agree  in  voltage.  For  example,  on  the  ordinary 
10-ampere  arc  circuit,  one  group  might  consist  of  5  lamps,  each 
requiring  50  volts  and  2  amperes ;  the  next  might  be  composed  of 
10  lamps,  each  taking  100  volts  and  1  ampere,  and  so  on. 

Such  groups  have  been  used  directly  on  the  ordinary  series  arc- 
lighting  circuits  (constant  current),  like  the  series  incandescent 
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lamps  described  on  page  24.  The  former  arrangement  is  even 
less  practical  than  the  latter,  and  is  also  inferior  to  the  "muni- 
cipal "  system,  since  a  lamp  which  breaks  or  burns  out  cannot  be 
either  short-circuited  or  compensated  for  by  adding  a  lamp  in  the 
station.  To  provide  for  this  contingency,  which  is  likely  to  be 
of  frequent  occurrence,  a  local  device  is  required  for  each  group, 
which  will  either  connect  a  new  lamp  whenever  any  one  of  the 


F\q.  10.    Seriea-Paraiiel  System  of  Distribution. 

lamps  fails,  or  short-circuit  the  entire  group.  This  is  such  a  com- 
plicated and  unreliable  arrangement  that  the  system  is  not  a  very 
practical  one. 

Alternating  Current  Series  Systems.  —  Each  of  the  direct  cur- 
rent series  systems  that  have  been  described  has,  or  at  least  might 
have,  a  counterpart  alternating  current  system.  The  general 
arrangement  and  method  of  operation  would  remain  substantially 
the  same  ;  but  as  the  phenomena  of  alternating  currents  differ 
in  some  respects  from  those  of  direct  currents,  the  discussion  of 
such  systems  will  be  given  in  the  chapters  on  Alternating  Current 
Distribution. 
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CHAPTER  III. 

PARAUaBL  8T8TEM8   OF  BLBCTRICAL  DISTRISnTZOH. 

In  contradistinction  to  the  series  connection  of  lamps  or  other 
devices  to  be  supplied  with  electrical  energy,  the  other  common 
method  of  distribution  is  the  parallel  or  multiple  arc  arrangement 
represented  in  Fig.  11.  Assuming  that  four  lamps,  each  taking 
one  ampere,  are  to  be  fed,  the  current  generated  by  the  dynamo  D 
should  be  4  amperes,  which  divides  at  the  point  where  the  first 
lamp  is  connected,  and  1  ampere  flows  through  it.  The  remaining 
8  amperes  pass  on  to  the  next  lamp,  and  so  on.  The  current  sup- 
plied by  the  source  should  be  equal  to  the  sum  of  the  amperes 
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F\g.  17.    Prtnclpi9  of  ParalM  Distribution. 


required  by  all  of  the  lamps  or  other  devices  that  are  connected  at 
any  given  time.  The  voltage  should  be  as  nearly  constant  as  pos- 
sible ;  hence  the  system  is  designated  as  constant  potential,  but  this 
is  only  approximately  true.  In  the  case  illustrated,  the  dynamo 
generates  112  volts,  which  is  slightly  reduced  by  the  resistance  of 
the  wires  until  it  falls  to  110  volts  at  the  last  lamp. 

Parallel  systems  are  far  more  important  in  electrical  distribu- 
tion than  series  systems ;  since  practically  all  incandescent  lamps, 
a  large  proportion  of  arc  lamps,  and  nearly  all  electric  motors,  are 
supplied  by  them.  Constant  potential  circuits  are  usually  more 
complicated  than  the  simple  series  systems,  there  being  only  a 
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single  path  for  the  current  in  the  latter  case,  while  with  parallel 
connections  there  are  a  number  of  branching  paths.  Furthermore, 
the  maintenance  of  a  uniform  voltage  over  a  large  district  is 
exceedingly  difficult.  The  "  drop  "  or  loss  of  voltage,  due  to  the 
resistance  of  conductors,  which  has  already  been  discussed  on 
page  9,  is  particularly  objectionable  in  incandescent  lighting,  since 
the  slightest  decrease  of  potential  produces  a  very  considerable 
diminution  of  light.  For  example,  the  candle-power  of  an  ordinary 
lamp  is  reduced  from  16  to  15,  which  is  more  than  6  per  cent, 
when  the  pressure  falls  from  110  to  109  volts,  or  less  than  1  per 
cent.  Such  a  very  small  variation  in  pressure  would  hardly  be 
appreciable  in  any  other  practical  work,  such  as  steam  or  gas 
distribution. 

The  drop  in  pressure  produces  three  different  effects  in  the 
lamps  or  other  devices  supplied  by  parallel  circuits :  — 

(1)  All  of  the  lamps  receive  a  lower  voltage  than  that  gene- 
rated by  the  source  of  electrical  energy. 

(2)  Some  lamps  may  be  supplied  with  a  lower  pressure  than 
others. 

(8)  The  potential  at  some  lamps  may  vary  when  others  are 
thrown  on  or  off  the  same  circuit. 

The  least  harmful  of  these  effects  is  the  first,  which  merely 
requires  the  generator  to  be  run  at  a  little  higher  voltage,  and  does 
not  necessarily  involve  any  difference  between  the  candle-power  of 
the  lamps,  since  the  drop  may  be  made  substantially  the  same  for 
all  of  them  by  some  of  the  methods  described  later. 

On  the  other  hand,  variations  in  the  candle-power  of  lamps,  due 
to  either  of  the  last  two  effects,  are  extremely  objectionable  and 
difficult  to  overcome.  In  order  to  study  these  problems  let  us  take 
a  specific  case,  and  assume  that  100  incandescent  lamps  are  to  be 
supplied  with  electric  current.  They  are  supposed  to  be  divided 
into  five  groups  of  20  lamps  each  ;  each. lamp  requires  a  current  of 
110  volts  and  one-half  ampere,  and  gives  16  candle-power ;  there- 
fore one  group  takes  10  amperes,  the  total  current  being  50  am- 
peres. The  members  of  each  "group  of  lamps  are  connected  in 
parallel  in  the  usual  manner,  but  will  be  indicated  by  a  single  line 
in  the  following  diagrams  in  order  to  avoid  confusion.  These 
groups  are  assumed  to  be  200  feet  apart  in  a  straight  line,  making 
a  total  distance  of  800  feet  between  the  extreme  groups,  as  shown 
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in  Fig.  13.  The  five  groups  of  lamps  represented  by  the  light 
vertical  lines  are  connected  together  by  two  conductors,  which  are 
shown  as  heavy  horizontal  lines.  These  conductors  correspond  to 
the  so-called  mains  in  electrical  distribution  systems,  to  which  are 
connected  the  leads  or  small  branch  wires  actually  supplying  the 
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Fig,  12.    Arrangement  of  feeders  and  Utaina, 


lamps.  The  mains  receive  their  current  through  feeders,  A  A  and 
BB,  which  connect  them  with  the  generating  plant  D,  as  represented 
in  Fig.  12.  As  a  general  rule  no  lamps  are  connected  directly  to 
the  feeders.  The  celebrated  "  Feeder  and  Main  "  patent  of  Edi- 
son *  covered  this  arrangement  of  electrical  conductors. 

In  the  first  case,  represented  in  Fig,  13,  the  mains  are  supposed 
to  be  fed  at  one  end,  the  feeding-points  being  represented  by  short 
vertical  lines  marked  +  and  —  respectively.  The  mains  are  as- 
sumed to  consist  of  No.  0000  wire,  A.  W.  G.,  which  would  weigh 
1,025  pounds  for  1,600  feet  required.  Each  section  of  the  mains 
consists  of  200  feet  of  No.  0000  wire,  and  has  a  resistance  of  about 
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Fig.  18.    Feeding  at  One  End  of  Maine;  1025  ibe.  Copper;  2  Volts  Max.  Difference  Between 
Lamps;  111  Volte  at  Feeding-Points;  1.2  Volts  Average  Drop. 

.01  ohm.  The  current  in  the  first  section  of  the  +  main  is  40 
amperes,  since  it  supplies  4  groups  of  lamps  taking  10  amperes 
each,  hence  the  drop  is  40  x  .01  =  .4  volt.  Similarly  the  drops  in 
the  other  three  sections  are  found  to  be  .3  .2  and  .1  volts  respec- 
tively. The  drop  in  the  —  main  has  exactly  the  same  values,  but  is 
in  the  opposite  direction,  the  fall  of  potential  being  always  in  the 

♦  U.  S.  Patent,  No.  264,642,  Sept.  19,  1882. 
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direction  in  which  the  current  flows.  The  distribution  of  potential 
is  shown  in  an  exaggerated  manner  in  Fig.  14.  It  will  be  seen  that 
a  potential  of  111  volts,  supplied  at  the  feeding-points,  gives  109 
volts  at  the  other  end,  therefore  no  lamp  receives  a  pressure  more 
'than  one  volt  greater  or  less  than  the  normal  value  of  110  volts. 

The  horizontal  axis  00  would  represent  the  line  of  zero  poten- 
tial when  the  system  is  uniformly  insulated,  in  which  case  the 
potentials  of  the  mains  at  the  feeding-points  would  be  -f  56.5  volts 
and  —  65.5  volts  respectively.  A  defect  in  the  insulation  at  any 
point  would  tend  to  cause  the  potential  of  that  point  to  approach 
zero,  as  already  explained  in  connection  with  Figs.  4  and  5  ;  and 
if  the  —  feeding-point  were  grounded,  the  -f  feeding-point  would 
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Fig.  14.    Potential  Diagram  Corresponding  to  Fig.  13. 


become  +  111  volts,  all   the   potentials   having   positive   values. 
But  the  potential  difference  would  remain  the  same  in  all  cases. 

Tapering  Conductors.  —  The  use  of  tapering  or  "conical"  con- 
ductors in  place  of  the  ordinary  cylindrical  ones  is  hardly  practica- 
ble, on  account  of  the  difficulty  of  making  a  wire  or  rod  of  that 
form.  It  is  possible,  however,  to  use  a  jointed  conductor  com- 
posed of  sections  of  different  sizes  of  wire.  The  object  of  such 
an  arrangement  is  to  proportion  the  cross-section  of  the  conductor 
to  the  current  which  it  has  to  carry  in  cases  where  the  current 
varies  from  point  to  point,  this  being  the  usual  condition  in  parallel 
distribution.  If  Fig.  13  be  modified  iii  such  a  way  that  the  size 
of  each  section  of  the  main  is  proportional  to  the  current  passing 
through  it.  Fig.  15  is  obtained.  In  this  case  the  drop  in  each 
section  will  be  .25  volts,  being  the  same  for  all.  Hence  the  po- 
tential  falls  uniformly  from  the  -}-  feeding-point  to  the  end  of  the 
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main,  and  would  be  represented  by  a  straight  line,  instead  of  the 
broken  one  in  Fig.  14. 

It  is  sometimes  stated  that  the  use  of  tapering  mains  secures 
economy  in  copper,  but  such  is  not  the  case  in  ordinary  parallel 
distribution.  The  weight  of  copper  required  in  Fig.  16  is  1,013 
lbs.,  which  is  practically  the  same  as  the  1,025  lbs.  called  for  in 
Fig.  13.  The  fallacy  arises  from  the  fact  that  the  conductor  is 
assumed  to  be  a  true  cone,  the  elements  of  which  are  straight  lines. 
As  a  matter  of  fact,  the  elements  would   curve  outward  since  the 

cone   should   be  one-half  the  cross-section,  or  --zr=.707  of  the 

V2 

diameter  at  a  point  midway  between  the  base  and  the  apex,  in- 
stead of  one-half  the  diameter. 
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Fig.  15f    Tapering  Mains;  1,013  lbs.  of  Copper;  2  Volts  Max.  Difference  Between  Lamps; 
111  Volts  at  Feeding-Pol nts :  1  Volt  Average  Drop. 

Tapering  conductors  give  a  uniform  drop,  as  already  stated ; 
and  the  average  drop  is  slightly  less  than  with  cylindrical  wires, 
being  1.2  volt  in  Fig.  13,  and  1  volt  in  Fig.  15.  This  is  not  a 
matter  of  great  consequence,  however,  as  it  is  customary  to  con- 
sider the  maxitnutn  drop  in  electrical  distribution,  and  that  is  the 
same  for  the  two  cases  when  all  the  lamps  are  connected.  If  only 
the  first  groups  of  lamps  were  lighted,  the  tapering  conductors 
would  give  considerably  less  drop  than  cylindrical  ones.  Never- 
theless, it  is  doubtful  in  practice  if  the  advantages  are  worth  the 
extra  trouble  of  laying  and  connecting  several  different  sizes  of 
wire.  Where  the  distances  are  considerable,  and  where  joints  or 
cut-outs  would  be  introduced  in  any  event,  it  may  be  desirable  to 
vary  the  size  of  a  main  in  proportion  to  the  current  it  is  to  carry 
at  different  points.  In  this  discussion  it  is  of  course  assumed 
that  the  conductor  must  always  have  sufficient  current  capacity, 
whether  it  be  tapering  or  cylindrical. 
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In  the  next  case,  Fig.  16,  the  mains  are  supposed  to  be  fed  at 
their  centers,  as  shown.  In  this  arrangement  No.  2  wire,  weighing 
821.5  lbs.,  gives  almost  exactly  the  same  variations  of  potential 
as  in  the  two  preceding  cases,  the  maximum  pressure  being  111 
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volts  and  the  minimum  109.08  volts.  This  shows  that  a  great 
saving  of  copper  is  effected  by  simply  feeding  the  mains  in  the 
middle. rather  than  at  the  ends.  Theoretically,  it  would  only  re- 
quire one-quarter  as  much  copper  in  the  former  case.  This  is 
easily  seen,  when  it  is  considered  that  the  mains  in  Fig.  16,  on 
each  side  of  the  feeding-point,  are  one-half  as  long,  and  carry  about 
one-half  as  much  current,  as  those  in  Fig.  13,  consequently  the 
conductor  need  only  have  one-quarter  of  the  cross-section  to  give 
the  same  drop.  The  weight  is  found  to  be  slightly  more  than 
one-quarter  in  the  example,  because  the  average  current  is  in  the 
proportion  of  15  to  25  instead  of  1  to  2. 

The  next  case,  Fig.  17,  represents  the  mains  fed  at  opposite 
points.     This  was  formerly  called  the   Werdermann  system,  after 


RoiJo.  — 

Current -» 

Drop  mmm 


-OOO^^orfr- 


Curr#nt«» 
Drop^ 

P.D.  **     111V0LT0 


•OSOHMt 

.#f 

.OS 

J» 

40  AMP. 

SOi 

OOi 

10. 

•  VOLTt 

1.0 

AHh                         10 

10 

10 

10/ 

1»AMP. 

aoL 

30^ 

M. 

•  BVOLTO 

1. 

L6 

\ 

ioo4r 


Fig.  17. 


Feeding  at  Oppoelte  Ends  of  Mains;  202.2  lbs.  Copper;  2  Volts  Max.  Difference  Betioeen 
Lamps;    110  Volts  Between  Feeding-Points ;  6  Volts  Average  Drop. 


its  inventor,  but  is  now  known  as  the  anti-parallel  or  return  loop 
method  of  distribution.  In  this  case  the  same  length  (1,600  feet) 
of  No.  4  wire,  weighing  only  202.2  lbs.,  gives  an  equally  good 
distribution  of  potential.     It  is  sometimes  supposed  that  this  ar- 
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rangement  must  give  a  perfectly  uniform  pressure  at  the  lamps, 
since  the  sum  of  the  distances  of  each  lamp  from  the  feeding- 
points  measured  on  the  two  mains  is  a  constant.  As  a  matter  of 
fact,  however,  the  middle  lamps  will  receive  a  lower  voltage  than 
those  at  the  ends,  as  shown  in  the  diagram.  This  is  due  to  the 
fact  that  the  former  are  supplied  through  the  portions  of  the  main 
conductors  which  carry  heavy  currents,  and  in  which  the  drop  is 
greatest.  For  -example,  the  drop  on  the  mains  in  the  case  of  the 
central  group  of  lamps  is 

2  +  1.6  +  1.5+2  =  7volts, 

but  for  the  end  group  of  lamps  it  is  only 

2  +  1.5  +  l+0.5  =  5volts. 

It  is  possible,  however,  to  secure  a  perfectly  uniform  pressure  at 
all  points  between  the  mains,  if  their  cross-section  is  made  propor- 
tional to  the  current  in  each  section  by  the  use  of  the  so-called 
conical  conductors  already  described.  In  this  way  the  drop  in 
each  section  will  be  the  same,  and  each  group  of  lamps  will  receive 
exactly  the  same  pressure,  being  equal  to  the  difference  of  poten- 
tial between  the  feeding-points  minus  the  drop  in  four  sections. 

In  the  next  example  the  mains  are  fed  at  distributed  points  as 
represented  in  Fig.  18.     In  this  case  No.  7  wire,  weighing  only 
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Fig.  18,    Feeding  at  Distributed  Points  on  Maine;  101  Iba,  of  Coppers  2  VoHa  Max,  Difference 
Between  Lamps;  lie  Volts  Between  Feedlng-Polnts ;  6  Volts  Average  Drop. 

101  lbs.,  gives  no  greater  variation  in  voltage  (i.e.  one  volt  from 
the  normal)  than  No.  0000  wire,  weighing  1,025  lbs.,  in  Fig.  13. 
These  examples  show  the  great  difference  that  is  made  by  chan- 
ging the  points  at  which  the  feeders  are  connected  to  the  mains. 

It  should  be  carefully  noted,  however,  that  in  both  the  last 
two  cases  (Figs.  17  and  18)  the  feeders  must  supply  116  volts  to 
the  mains  instead  of  only  111  volts,  as  in  the  preceding  examples 
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(Figs.  13,  15,  and  16).  In  Fig.  17,  for  instance,  the  difference  of 
potential  between  the  feeding-points  +  and  —  must  be  116  volts, 
in  order  that  the  end  group  of  lamps  A  shall  receive  111  volts, 
since  there  is  a  drop  of 

2  +  1.5  +  1  +  0.5  =  5  volts. 

in  the  upper  main.  Similar  reasoning  applies  to  the  group  A  in 
Fig.  18,  the  drop  being  3+2  =  5  volts.  This  necessity  for  sup- 
plying a  considerably  higher  voltage  at  the  feeding-points  of  the 
mains  is  disadvantageous  in  two  respects.  First,  it  involves  a  loss 
of  power  in  watts  equal  to  the  extra  pressure  multiplied  by  the 
total  current ;  and  second,  it  may  allow  great  variations  in  poten- 


200  FT.  Naa..1«0HM. 
20  AM  p.     2.  f  VOLTS  DROP 


aOO  FT.  HO.%.  .1* 

OHM. 

10  AMP.     1.S  VOLTS 

DROP 


109.7  VOLTS. 


F\g.  19.    Closed  Ring,-  2,000  ft.  No.  8;  100  lbs.  Copper;  115.23  Voita  Between  FeetUng- 
Points;  1.95  Volts  Max.  Difference  Between  Lamps;  5.53  Volts  Average  Drop. 

tial  to  occur  when  a  large  number  of  lamps  are  thrown  on  or  off 
the  circuit.  For  example,  if  all  the  lamps  except  one  were  put  out, 
the  remaining  one  would  receive  practically  the  full  pressure  of* 
116  volts.  This  may  be  overcome  by  reducing  the  voltage  of  the 
feeders  when  lamps  are  disconnected,  either  by  automatic  or  hand 
regulation,  employing  some  of  the  methods  described  later ;  but  it 
is  evidently  simpler  to  maintain  the  same  pressure  at  the  feeding- 
points.  On  the  other  hand,  the  drop  in  the  feeders  themselves 
must  be  overcome  by  raising  the  voltage  at  the  generating  plant 
when  the  current  carried  by  them  increases.  In  such  cases  it  may 
not  involve  very  much  additional  trouble  to  regulate  for  the  drop 
in  the  mains  as  well  as  for  that  in  the  feeders. 
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A  further  extension  of  the  principles  shown  in  Figs.  17  and  18 
is  indicated  in  Fig.  19,  in  which  five  groups  of  lamps  are  connected 
across  the  mains,  which  form  complete  circles,  being  fed  at  diamet- 
rically opposite  points.  In  this  case,  2,000  feet  of  No.  8  wire, 
weighing  100  lbs.,  is  used,  instead  of  1,600  feet,  as  in  the  previ- 
ous examples.  A  similar  arrangement  is  shown  in  Fig.  20 ;  but 
the  lamps  are  assumed  to  be  divided  into  four  groups,  of  25  lamps 
each.  All  the  lamps  receive  exactly  the  same  voltage,  1,600  feet 
of  No.  10  wire,  weighing  only  50  lbs.,  being  required.  This  exact 
equality  in  voltage  is  due  to  this  being  a  special  case,  in  which  the 
lamps  happen  to  be  symmetrically  placed  with  respect  to  the  feed- 
ing-points.    In  Fig.  17,  for  example,  the  second  and  fourth  groups 
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Fig.  20.    Cto89d  Square;  1,600  ft.  No,  10;  60.3  Iba.  Copper;  No  Difference  Between 
Lamps;  117.5  Volte  Between  Feedlng-Polnta ;  7.5  Volts  Average  Drop. 

of  lamps  have  exactly  the  same  voltage,  since  they  are  equally  dis- 
tant from  the  feeders.  The  pressure  at  the  feeding-points  is  117.5 
volts  in  Fig.  20,  being  higher  than  in  any  of  the  other  cases. 

Individual  Conductors.  —  The  most  certain  way  to  obtain  a 
constant  voltage  in  parallel  distribution  is  to  provide  each  lamp 
or  group  of  lamps  with  its  own  particular  conductors.  One  arrange- 
ment of  this  kind  is  illustrated  in  Fig.  21,  five  groups  of  lamps, 
each  taking  10  amperes  and  placed  200  feet  apart,  being  assumed, 
as  in  the  previous  examples.  The  feeding-points,  marked  +  and 
— ,  are  supposed  to  be  located  at  some  distance  from  the  lamps, 
as  shown.  The  pair  of  conductors  that  supply  each  group  are  so 
proportioned  in  size  and  length  that  the  drop  has  an  equal  value 
for  all  of  the  groups.     This  condition  will  be  secured  if  the  cross- 
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sections  of  the  various  conductors  are  respectively  proportional 
to  their  lengths.  For  example,  a  conductor  twice  as  long  as 
another  should  have  double  the  cross-section,  so  that  the  resis- 
tance of  the  two  will  be  equal.  If  the  currents  are  not  the  same 
for  the  different  conductors,  the  cross-sections  should  be  further 
modified  in  proportion  to  the  currents.     In  other  words,  for  all  of 

il 
the  pairs  of  conductors,  the  fraction  -  should  have  the  same  value, 

a 

i  being  the  current  in  amperes,  /  the  total  length  of  both  conduc- 
tors, and  a  the  cross-section. 

It  is  not  apparent  what  advantages  this  plan  of  using  individual 
wires  has  over  the  arrangements  already  described,  the  weight  of 
copper  being  even  greater  than  that  in  Fig.  18,  for  example.    The 
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f\g.  21.    irMtMdual  Condyctora;  Unequal  Lengtka!  186  lbs.  Copper;  Mo  Difference  of  Voltage 
Between  Lampe;  115  Volts  Between  Feedtng-Polnts ;  6  Volte  Drop, 

answer  is  to  be  found  in  the  fact  that  the  groups  of  lamps  in 
Fig.  21  are  not  only  equal  in  potential  when  all  are  burning,  but 
they  are  also  independent  of  one  another,  the  turning  on  or  off 
of  one  or  more  groups  not  affecting  the  others,  provided  that  the 
voltage  at  the  feeding-points  +  and  —  be  kept  constant.  In 
the  preceding  cases,  the  throwing  off  of  some  lamps  would  vary 
the  pressure  of  all  the  others.  In  fact,  it  was  pointed  out  that 
disconnecting  every  lamp  but  one  would  raise  its  potential  practi- 
cally the  whole  amount  of  the  drop,  which  was  five  or  six  volts  in 
some  instances.  It  was  also  stated  that  the  remedy  for  this  vari- 
ation consists  in  regulating  the  pressure  at  the  feeding-points. 
Thus  it  appears  that  it  is  necessary  to  maintain  a  constant  voltage 
at  the  feeding-points,  with  some  arrangements  of  conductors,  and 
a  variable  voltage  with  others.  These  questions  will  be  considered 
later  under  feeder  regulation. 
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Fig.  22  represents  another  example  of  individual  conductors, 
but  in  this  case  each  group  of  lamps  is  supplied  through  the  same 
total  length  of  conductor  ;  i.e.,  800  feet  of  No.  8  wire,  having  0.5 
ohm  resistance.  Consequently  the  drop  is  five  volts  for  all,  since 
each  group  takes  10  amperes.  The  advantage  of  this  plan  over 
that  shown  in  Fig.  17,  which  it  somewhat  resembles,  is  the  free- 
dom from  interference  already  explained.  It  should  be  noted, 
however,  that  in  either  Fig.  21  or  22  the  turning  off  of  a  portion 
of  the  lamps  in  one  particular  cluster  would  affect  the  remaining 
ones  in  that  group.  In  order  to  secure  complete  independence 
of  operation  for  every  lamp  in  a  system,  it  would  be  necessary  to 
provide  each  one  with  its  own  individual  wires.  This  is  practi- 
cally out  of  the  question  in  almost  all  cases ;  but  it  can  be  approx- 
imated more  or  less  closely,  the  tendency  in  the  best  practice 
being  to  subdivide  the  circuits  and  reduce  the  number  of  lamps 
on  each,  as  far  as  economy  and  simplicity  will  reasonably  allow. 


Current- 
P.O.  at  lamps 


Drop«5  volta  for  oaoh  ^poup 


Fiq.  22.    Indtoldual  Conductors;  Equal  Total  Lengths;  200  lbs.  Copper;  No  Difference  of  Voltage 
Between  Lamps;  115  Volts  Between  Feeding-Points;  5  Volts  Drop. 

Calculations  of  Drop,  Weight,  etc.,  of  Mains.  —  The  examples 
already  given  (Figs.  13  to  22)  show  the  results  obtained  by  differ- 
ent arrangements  of  mains  and  feeding-points  in  parallel  distribu- 
tion. These  cases  having  been  treated  concretely  with  definite 
sizes  of  wire,  voltages,  currents,  etc.,  bring  out  the  facts  clearly, 
and  are  intelligible  to  those  who  may  not  possess  special  mathe- 
matical knowledge.  It  will  be  well,  however,  to  discuss  these  im- 
portant problems  in  a  more  general  way  before  dismissing  them. 
For  this  purpose  the  following  symbols  may  be  adopted:  — 

Z  is  the  length  of  each  main  in  any  desired  units ; 
/,  the  length  of  each  section  of  main  (i.e.  between  adjacent  lamps)  ; 
/fl  and  — /o,  the  currents  in  the  two  mains  at  the  feeding-points; 
/  and  — /',  the  currents  in  the  two  mains  at  the  point  x; 
V0  and  ?'<,,  the  potentials  on  the  two  mains  at  the  feeding-points; 
Uo^  the  potential  difference  between  the  two  feeding-points,  or  between 
one  feeding-point  and  the  opposite  point  on  the  other  main  ; 
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V'  —  z/  =  //,  the  potential  difference  between  the  two  mains  at  any 

point  distant  x  units  from  +  feeding-point ; 
Dy  the  fall  of  potential  or  "  drop  "  at  any  given  lamp  with  respect  to  the 

difference  of  potential  between  the  two  feeding-points  ; 
C,  the  current  consumed  by  each  lamp ; 
N^  the  number  of  lamps ; 
R^  the  resistance  of  each  main  per  unit  of  length. 

Considering  first  the  ordinary  parallel  circuit  represented  in 
Fig.  13,  the  drop  on  both  mains  from  the  first  to  the  second  lamp 
(or  group  of  lamps)  is  2  ^  /C  {N  —  1),  and  the  total  drop  from  the 
feeding-points  to  the  last  lamp 

D  =  2RIC{{N-  1)  +  {N-  2)  +  ...  1]. 

In  this  equation  there  are  A^  —  1   terms,  having  an  average 

N 
value  of  ---;  hence  we  have  — 

I>  =  RiC(N^-J>r),  (1) 

and  the  resistance  per  unit  of  length  which  will  give  this  maximum 
drop  Dyis  —  ^ 

In  the  case  illustrated  in  Fig.  16  the  current  divides,  one-half 
flowing  in  each  direction,  so  that  it  is  only  necessary  to  substitute 

N 

—  for  N  in  the  above  formulae,  or 

D  =  ^^{N^-2N)  (3) 

and  ^'-  IC{N^^2N)'  ^^ 

In  the  case  of  anti-parallel  distribution  (Fig.  17)  the  drop  to 
any  lamp,  say  the  ;irth  from  the  +  feeding-point,  is  RIC  [(-A^—  1) 
+  (iV-  2)  +  .  .  .  ;r]  on  the  +  main,  and  TS/C  [(N-  1)  +  (^V-  2) 
+  .  .  .  (iV  —  ;r  -f  1)]  on  the  —  main.  Hence  the  total  drop  on 
both  mains  is  the  sum  of  these  values  which  is  — 

n  =  ^-L^  {N^+2Nx-^N+2x-2x').  (5) 

From  this  equation  it  is  evident  that  the  drop  depends  upon  x. 
Differentiating  (5),  we  find  that  Z>  is  a  maximum  when 

iV^+1 
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that  is,  in  the  middle  of  the  circuit.  In  fact,  this  is  evident  without 
calculation^  for  the  reasons  given  on  page  34.  Substituting  this 
value  in  (5),  we  find  that 

Dm^  =  ^  {^N^  -  4^+  1).  (6) 

The  drop  is  a  minimum  when  ;ir  =  iVor  1,  that  is,  at  either  end 
of  the  circuit.     Hence  substituting  in  (5),  we  have  — 

D^^^^^^N^^N),  (7) 

This  last  equation  might  have  been  obtained  directly  from  (1)  ; 
for  evidently  in  the  anti-parallel  system  (Fig.  17),  the  drop  at  the 
first  or  last  lamp  is  one-half  the  drop  at  the  last  lamp  in  the  ordi- 
nary parallel  circuit  (Fig.  13),  provided  the  mains  are  of  the  same 
size. 

By  subtracting  (7)  from  (6)  we  obtain  the  greatest  difference 
in  pressure  between  any  two  lamps  in  the  circuit  — 

Anox  -  Ann  =  ^  {^^  -  2  7V^+  1),  (8) 

The  relative  economy  of  the  three  systems  can  now  be  found. 
The  weights  of  copper  required  are  inversely  proportional  to  the 
resistances ;  hence  calling  A^y  A^  and  A^  respectively  the  cross- 
sections  (in  circular  mils,  for  example)  of  the  mains,  which  will 
produce  the  same  maximum  difference  in  pressure  between  any 
two  lamps,  we  have  from  (2),  (4),  and  (9)  — 

«  4  (iV^«  -  iV^)  ;  (iVi  -  2iV0  :  (^V^  -  2N+  1). 

Hence  the  simple  parallel  system  (Fig.  13)  requires  more  than 
four  times  as  much  copper  as  when  the  mains  are  fed  in  the  middle 
(Fig.  16),  but  there  is  very  little  difference  between  the  latter  and 
the  anti-parallel  method  (Fig.  17).  This  comparison  is  made  on 
the  basis  of  a  certain  maximum  difference  in  pressure  between  any 
two  lamps  on  the  circuit.  If  we  consider  the  same  total  drop,  the 
advantage  of  the  plan  illustrated  in  Fig.  16  is  much  greater.     The 
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relative  weights  of  copper  required  by  the  three  systems  then  be- 
come from  (2),  (4),  and  (6)  — 

^1  :y^a  :^,  =  4  {N^  -  N)  :  {N^ -2 N)  :  {^ N^  -  4.  N+  1). 

As  an  example  to  illustrate  the  use  of  the  above  formulae,  let 
us  assume  that  twenty  16-candle-power  lamps,  each  taking  one-half 
an  ampere,  are  placed  ten  feet  apart  on  mains  each  200  feet  long, 
the  maximum  allowable  difference  between  any  two  lamps  being 
one  volt.  Hence  /  =  10,  A''=  20,  C  =  .5,  and  Z?  =  1.  The  resis- 
tance per  foot  by  the  ordinary  parallel  arrangement  would  be 
from  (2)  —  . 

jPj  =      _L^ ^  .00063  ohm, 

'      10  X  .5  (400  -  20) 

which  corresponds  to  a  No.  7  wire  (A.  W.  G.). 
By  the  second  method  (Fig.  16)  it  would  be  — 

^2  = =  .00222  ohm, 

'       10  X  .5  (400  -  40) 

corresponding  to  No.  13  wire.    And  by  the  anti-parallel  system  — 

^,  = — =  .00221  ohm, 

•       10  X  .5  (400  -40  +  1) 

which  also  corresponds  to  No.  13  wire. 

By  the  first  two  systems,  however,  the  total  drop  would  be  but 
one  volt,  while  with  the  anti-parallel  plan,  the  difference  between 
the  lamps  having  the  highest  and  lowest  pressure  would  be  one 
volt.     This  is  proved  by  finding  the  drop  to  the  first  lamp,  from 

(7)  _         D^^  =  ?^  i9???l_X_-^  (400  -  20)  =  2.09  volts, 
and  the  drop  to  the  middle  of  the  circuit,  from  (6)  — 

^m«x  =  1^2L^-P??l21i5  (1200  -  80  +  1)  =  3.09  volts. 
4 

Hence  the  greatest  difference  in  pressure  is  one  volt,  but  the 
total  drop  to  the  middle  lamp  is  3.09  volts  for  the  anti-parallel  sys- 
tem. The  same  size  of  wire  (No.  13)  gives  a  total  drop  of  only 
one  volt,  if  arranged  according  to  Fig.  16  ;  and  for  the  simple  par- 
allel method  (Fig.  13),  the  maximum  drop  with  No.  13  wire  is 
found  by  (1)  to  be  — 

2?  =  10  X  .00221  X  .5  (400  -  20)  =  4.18  volts. 
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In  short,  for  the  same  maximum  difference  in  voltage  in  the 
three  systems,  the  relative  weighty*  of  copper  are,  roughly,  4:1:1, 
and  the  total  drop,  1:1: 8.09  volts  ;  while  for  the  same  weights  of 
copper,  the  maximum  differences  in  pressure  are  4.18  : 1  : 1  volts, 
and  the  total  drop,  4.18  : 1  :  3.09  volts. 

The  problems  of  calculating  arid  comparing  the  results  obtained 
by  different  arrangements  of  conductors  in  parallel  distribution  be- 
ing of  great  importance  in  electrical  engineering,  it  will  be  well  to 
give  other  general  methods  of  solving  them.  These  are  largely 
derived  from  Abbott's  work  on  Electric  Transmission  of  Energy, 
with  certain  modifications  and  corrections.  Let  it  be  supposed 
that  the  mains  supply  an  indefinite  number  of  lamps  or  other 
devices  uniformly  distributed  along  their  entire  length.  This  is 
equivalent  to  assuming  that  the  current  supplied  by  the  generating 
plant  flows  between  the  two  mains  in  a  uniform  sheet  throughout 
their  entire  length. 

Case  I.  Cylindrical  Conductors.  Parallel  System.  —  Fig.  23 
represents  two  parallel  cylindrical  conductors  connected  to  the 
source  of  supply  at  A  and  C,  From  each  element,  dxy  of  the  + 
main  AB^  along  its  entire  length,  an  elementary  amount  of  current 
will  pass  to  the  other  main,  CD.  Hence  the  current  decreases 
uniformly  from  its  maximum  value  /q  ,  at  the  point  A,  to  0  at  the 
point  B.  At  any  point  Xy  the  current  in  the  mains  will  be  the  total 
current  /©,  minus  all  the  current  which  has  flowed  across  from  one 
conductor  to  the  other,  between  the  point  A  and  the  point  x  under 
consideration.  This  latter  quantity  will  be  I^x  j  Z,  since  the  flow 
of  current  per  unit  of  length  is  /©  /  Z. 

By  Ohm's  law  the  variation  in  potential  in  any  conductor  is 
E  =  RI.  The  resistance  of  the  element  dx  for  both  mains  is 
2  Rdx ;  hence  the  drop  in  pressure  for  the  element  dx  is  given  by 
the  expression  :  — 

d(uo  -  //)  =  2Rdxll,  _  ^)  =  2  RIo[l  -  ^\dx,       (10) 
Integrating  between  x  =  0  and  x  =  L  — 

«,-//  =  2RI,£ll  -  l)//^  =  ^  (2Z  -  X).  (11) 

This  equation,  which  gives  the  drop  on  both  mains  between 
the  feeding-points  A  and  C  and  any  point  x,  represents  a  branch 


Digitized  by  VjOOQIC 


PARALLEL   SYSTEMS  OF  ELECTRICAL   DISTRIBUTION.       43 


of  a  parabola,  to  which  the  conductor  may  be  considered  as  an 
asymptote.  When  ;ir  =  0,  Uq  —  u'  =  0,  showing  no  drop  at  AC 
which  is  evident ;  when  x  =  L,  Uq  —  u'  =  RhL,  being  obviously 
the  maximum  value  of  the  drop,  its  average  value  being  J  RI^^  Z. 
As  an  example,  let  it  be  assumed  that  — 


lo  =  12  amperes. 

Z  =  60  feet. 

R  =  .02  ohm  per  foot. 


r,  -  7',  =  40, 

.02  Xl2x 


«n  —   «     = 


60 


^(120-:r). 


If  X  be  successively  taken  as  10,  20,  30,  40,  60,  and  60,  the 
corresponding  values  for  the  drop  are  4.4,  8.0,  10.8,  12.8,  14.0, 
and  14.4  volts,  from  which  the  curve  EF  in  Fig.  23  is  plotted. 
The  curves  in  Figs.  24,  25,  and  26  are  also  plotted  from  the  same 


i<- 


1        I 
Rg.Z3.  Fig.  24. 

Figa.  28  and  24.    ParalM  Distribution.    Caaea  I.  and  11. 


data.  An  inspection  of  this  curve  indicates  an  unequal  drop  along 
the  conductors,  evidently  due  to  varying  current  density  in  the 
mains.  To  avoid  this  variation  it  is  possible  to  employ  tapering, 
or  so-called  "conical,"  conductors,  already  referred  to  on  page  31. 

Case  II.  Tapering  Conductors.  Parallel  System.  —  In  Fig. 
24,  AB  and  CD  are  two  parallel  tapering  conductors,  supplied  with 
current  at  A  and  C,  and  having  a  cross-section  which  is  proportional 
to  the  current  at  any  point,  so  that  the  current  density  will  be 
constant.  The  same  notation  as  in  Case  I.  will  be  used,  except 
that  ^0  is  the  resistance  of  each  main  per  unit  of  length  at  A  or 
C,  the  resistance  per  unit  of  length  at  any  other  point,  x,  being 
represented  by  r,  which  is  evidently  a  variable.  The  drop  or  vari- 
ation in  potential  for  any  element  now  becomes  — 


d{uo-t/)  =  2rdx[/,-^^y 


(12) 
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But  r  =  p  I  S  at  any  point,  p  being  the  specific  resistance  and  5 
the  cross-section  of  the  conductor  at  that  point ;  hence  — 

But  the  current  density  which,  by  hypothesis,  is  constant,  is  — 

4-1) 

s 

Hence  by  integrating  (13),  we  have  — 

uo-u'  =  2RoIoX.  (14) 

This  is  the  equation  of  a  straight  line,  indicating  a  uniform 
drop  from  AC  to  BD;  Uq  —  u'  being  a  maximum  when  x  =  L,  and 
having  a  value  2  Rq/qL,  which  is  twice  as  great  as  in  Case  L 
This  demonstrates  that,  with  a  tapering  conductor  having  the 
same  resistance  per  unit  of  length  at  the  supply  point  as  a  cylin- 
drical one,  there  is  twice  the  drop.  It  is  also  a  fact  that  the 
weight  of  copper  is  one-half  as  much  for  the  former ;  since  it  is 
not  a  true  cone,  the  diameter  at  the  middle  section  being  .707  in- 
stead of  half  that  at  the  base,  as  already  explained  on  page  32. 
Such  a  conductor  might  also  be  considered  as  a  wedge^  two  of  the 
sides  of  which  are  parallel. 

Consequently,  with  the  same  weight  of  copper,  there  is  no 
reduction  in  the  maximum  drop  when  so-called  conical  conductors 
are  employed,  as  has  been  claimed.  There  is,  however,  a  saving 
in  the  average  drop,  which  is  readily  seen  by  comparing  the  curves 
EF  and  GH  in  Figs.  23  and  24,  or  by  substituting  \  L  iox  x  in 

(11)  and  (14),  which  give  — — ^ — ,  as  the  drop  at  the  middle  point 

RI  L 
of  the  mains  in  Case  I.,  and  — ~ —  in  Case  II.     The  latter  value 

assumes  that  the  area  of  the  base  of  the  tapering  mains  is  made 
twice  as  large  as  for  the  cylindrical  ones,  in  order  that  the  weight 
of  copper  shall  be  the  same  for  both.  Hence  the  drop  at  the 
middle  point  is  \  as  great  in  Case  II.  as  in  Case  I.,  the  maximum 
drop  being  the  same,  and  the  average  drop  being  J  as  much. 
The  loss  of  energy  corresponds  to  the  average  drop,  hence  it  is 
also  \  as  great  for  the  tapering  conductors.     Usually,  however,  the 
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maximum  drop  is  the  controlling  consideration  in  designing  elec- 
trical conductors,  particularly  for  electric  lighting. 

Case  III.  Cylindrical  Conductors.  Anti-Parallel  System*  — 
In  this  case  the  mains  are  fed  from  opposite  ends  as  already  de- 
scribed in  connection  with  Fig.  17.  It  is  evident  that  this  arrange- 
ment differs  from  the  two  preceding  in  the  fact  that  no  lamp 
receives  the  full  voltage  delivered  to  the  mains,  because  V^  is  at 
one  end  of  one  main,  and  v^  is  at  the  opposite  end  of  the  other. 
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Fig.25.  Fig.26. 

FIgB.  25  and  26.    Anti-PanUiel  Oiatribution,    Cases  III,  and  IV. 

A  study  of  Fig.  25  shows  that  the  variation  in  pressure  between 
the  ends  of  any  element  dx  for  both  mains  is  equal  to  the  differ- 
ence between  the  drop  in  one  main  and  that  in  the  other,  whereas 
in  the  two  previous  cases  it  was  the  si^m  of  the  two  drops,  hence  — 

^  (//,  ~  2/')  =  ^  t/x  (/  -  /■'),  (15) 

i  and  — /'  being  the  currents  in  the  respective  mains  at  the  point 
X,  and  having  the  following  values  :  — 

t  =  /o-^x  and  -  /■'  =  :— ^  a:. 

substituting  these  in  (15),  we  have  — 

d(uo  -  //)  =  RJoW  -  ^)^*-  (16) 

Integrating  — 

«,-«,  =  iP  7.  J]''(l  -'^-j)dx^  ?Js±  (Z  -  *).  (17) 

This  equation  is  also  that  of  a  parabola,  but  its  axis  is  perpen- 
dicular to  the  mains  at  their  middle  point.  When  jr  =  0  or  ;r  =  Z, 
tt^  —  «'  =0,  showing  that  at  each  end  the  lamps  receive  the  same 
voltage.  To  locate  the  maximum  difference  in  pressure  between 
the  lamps  — 
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'-\'  (18) 

that  is,  the  greatest  drop  is  at  the  center  of  the  mains,  and  has 
the  value  RlJ^f^  obtained  by  substituting  (18)  in  (17).  But  it 
should  be  carefully  noted  that  this  represents  the  difference  be- 
tween the  voltage  of  the  middle  lamp  and  that  of  either  end  lamp. 
For  the  latter  the  pressure  is  less  than  the  difference  of  potential 
between  the  feeding-points  (=  f^  —  v^  by  the  quantity  RIqL  j  2, 
which  is  the  total  drop  in  either  one  of  the  mains.  Hence  the 
middle  lamp  receives  a  voltage  which  is  less  than  that  supplied  to 
the  feeding-points  by  an  amount  — 

R IqL  j^  R IqL ^  R  IqL  (\Qk\ 

~4        '       2  4  ^^ 

This  value  is  only  three-quarters  as  large  as  the  maximum  drop 
in  Case  I.,  which  was  found  to  be  RIJ^  ;  and  the  greatest  differ- 
efice  between  the  voltage  of  lamps  is  only  one-quarter  as  much,  or 
RIJ.  I  4,  the  weight  of  copper  being  the  same. 

Case  IV.  Tapering  Conductors.  Anti-Parallel  System.  — 
The  plan  of  feeding  from  the  opposite  ends  of  the  mains  may  be 
applied  to  tapering  conductors  with  even  greater  advantage  than 
in  the  case  of  cylindrical  conductors.  By  applying  the  equations 
in  Cases  II.  and  III.  to  this  arrangement,  shown  in  Fig.  26,  the 
following  expression  is  obtained  :  — 

d  (iio  —  Ui)  =  (ri  —  r'  / ')  dx, 

r  and  ;-',  as  well  as  i  and  — /',  being  respectively  the  resistances 
and  currents  in  the  two  mains  at  the  point  x.  Hence  by  a  train 
of  reasoning  similar  to  that  in  the  previous  cases,  r  =  p  j  Sy  and 
r'  =  p/  S'  ;  but  pi /  S  and  pi'  /  S'  are  constants  for  each  main,  by 
hypothesis,  and  are  equal  to  each  other,  hence  — 

d  ^"^  ~  '^  =  0.  (20) 

?/^,  —  ;/'  =  a  constant,  and 

l^'-7''  =  K~t'o-RofoZ.  (21) 

In  other  words,  there  is  no  difference  in  the  voltage  supplied 
to  the  various  lamps,  the  pressure  at  any  lamp  being  the  difference 
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in  potential  between  the  feeding-points  less  the  quantity  RJJ.y 
which  latter  is  therefore  the  maximum  drop  for  all  of  the  lamps. 
This  is  the  same  value  as  in  Case  I.,  but  the  amount  of  copper  is 
only  one-half  as  great;  hence  the  maximum  drop  is  one-half  as 
much  for  the  same  weight  of  copper,  and  all  lamps  receive  the 
same  voltage. 

Drop  in  Voltage  with  Irregular  Distribution  of  Lamps.  —  In 
the  various  cases  heretofore  considered  (Figs.  13  to  26  inclusive), 
the  lamps  were  assumed  to  be  uniformly  distributed  on  the  mains. 
This  represents  not  only  ideal  conditions,  but  also  applies  fairly 
well  to  actual  practice  at  full  load;  that  is,  when  the  maximum 
number  of  lamps  are  lighted.  In  fact,  the  circuits  should  be  care- 
fully designed  to  approximate  this  condition  as  closely  as  practica- 
ble in  most  cases.  When  only  a  fraction  of  the  lamps  are  turned 
on,  it  is  evident  that  they  may  be  very  irregularly  distributed. 
This  would  give  rise  to  an  almost  infinite  number  of  special  prob- 
lems corresponding  to  the  possible  arrangements  that  might  be 
made  ;  but  there  are  certain  general  facts  that  apply  to  such  cases. 

If  in  Fig.  13  it  be  assumed  that  only  the  last  or  right-hand 
group  of  lamps  is  connected,  the  drop  would  be  equal  to  the  cur- 
rent multiplied  by  the  total  resistance  of  both  mains,  or  10  x  .08 
=  .8  volt.  Hence  the  potential  difference  supplied  to  this  group 
of  lamps  would  be  the  pressure  at  the  feeding-points  minus  the 
drop,  that  is,  111  —  .8  =  110.2  volts.  If  now  the  middle  group  of 
lamps  be  turned  on  also,  the  potential  difference  which  they  re- 
ceive would  be  111  —  20  x  .04  =  110.2  volts,  and  the  pressure  at 
the  last  group  becomes  111  -  (20  x  .04  -|-  10  x  .04)  =  109.8 
volts.  Thus  the  various  groups  may  be  lighted  successively,  and 
it  will  be  found  that  — 

1.  The  addition  of  each  group  reduces  the  pressure  for  all  of 

those  already  connected. 

2.  The  maximum  drop  occurs  when  all  of  the  lamps  are  con- 

nected. 
8.   The  greatest  difference  between  the  voltage  of  any  two 
lamps  will  usually  exist  when  all  are  turned  on. 

The  first  statement  might  be  contradicted  on  the  ground  that 
the  pressure  at  the  first  group  of  lamps  connected  directly  to  the 
feeding-points  would  remain  the  same  whether  the  others  were 
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lighted  or  not.  Theoretically  this  is  true ;  but  practically  there 
would  be  some  drop  on  the  mains  even  for  this  group,  unless  it 
were  connected  exactly  at  the  feeding-points ;  and  there  would 
always  be  a  drop  on  the  feeders  when  any  lamps  were  turned  on, 
unless  it  is  overcome  by  some  of  the  special  methods  of  feeder 
regulation  which  will  be  described  later. 

The  same  statements  apply  to  Fig.  16,  in  which  the  portions 
of  the  mains  on  each  side  of  the  feeding^points  may  be  considered 
as  corresponding  to  the  whole  mains  in  Fig.  18.  Even  though  all 
the  lamps  on  one  side  were  connected,  and  only  one  on  the  other 
side,  the  total  drop  and  the  difference  between  the  voltage  of  lamps 
would  be  no  greater  than  for  the  full-load  conditions  represented 
in  the  diagram. 

Similar  reasoning  is  applicable  to  the  arrangements  shown  in 
Figs.  17  and  18  ;  in  fact,  any  two  groups  of  lamps  would  have  the 
same  pressure  in  the  case  of  the  former,  and  any  number  less 
than  all  would  give  no  greater  total  or  difference  in  drop  than  the 
full  load  of  lamps.  If  the  first  three  groups  were  lighted,  and 
only  a  single  lamp  out  of  the  last  group  was  turned  on,  the  latter 
might  receive  a  potential  about  three  volts  higher  than  that  of  the 
others.  This  is  greater  than  the  maximum  difference  when  the  cir- 
cuit is  fully  loaded,  which  is  only  two  volts.  Hence  it  appears  that 
when  one  end  of  a  pair  of  anti-parallel  mains  is  heavily  loaded,  and 
there  are  very  few  lamps  in  circuit  at  the  other  end,  the  difference 
between  the  voltage  of  lamps  at  the  two  ends  is  greater  than  when 
the  full  load  is  turned  on.  Consequently  this  is  an  exception  to 
statement  3  above.  But  even  in  this  case,  the  maximum  drop  and 
the  average  drop  are  less  with  a  fractional  load. 

In  Fig.  27  the  curves  AB  and  CD  represent  the  potentials  on 
two  cylindrical  mains,  which  are  fed  according  to  the  anti-parallel 
method  at  A  and  D  respectively,  being  fully  and  uniformly  loaded. 
The  drop  between  A  and  E  is  greater  than  between  C  and  J, 
because  the  average  value  of  the  current  is  greater  for  the  former, 
as  will  be  seen  by  comparing  Fig.  17.  Hence  the  pressure  sup- 
plied to  the  middle  lamps  ^is  less  than  that  at  the  end  lamps 
ACy  as  already  explained  in  connection  with  Figs.  17  and  25.  If 
now  all  the  lamps  on  the  right-hand  half  of  the  mains  be  discon- 
nected, there  will  be  no  drop  between  E  and  Fy  and  the  fall  of  poten- 
tial from  H  to  D  will  be  constant,  and  will  be  represented  by  the 
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Straight  line  HD,  It  is  evident  from  an  inspection  of  this  diagram 
that  FD  —  EH  >  BD  —  £/,  or  in  other  Words,  there  is  a  greater 
difference  between  the  voltage  at  FD  and  EH  when  half  the  lamps 
are  thrown  off.  Hence  anti-parallel  mains,  when  very  unequally 
loaded,  may  show  an  exception  to  statement  3  (page  47)  as  already 
explained.  It  is  also  apparent,  however,  that  the  maximum  as  well 
as  average  drop  are  smaller  with  any  load  less  than  the  full  amount. 

The  substitution  of  tapering  mains  for  cylindrical  ones  makes 
the  pressure  still  more  uniform  for  fractional  loads,  since  the  drop 
is  more  nearly  equal  for  the  different  portions  of  the  conductors. 

When  lamps  are  irregularly  connected  to  a  closed  loop  or  ring 
arrangement  of  mains,  the  problem  becomes  somewhat  more  diffi- 


Pig.  27.    Effect  of  Unequal  Distribution  of  iximpa  on  Anti-Paraiiet  System. 

cult,  since  there  are  two  paths  for  the  current.*  Such  a  case  is  rep- 
resented in  Fig.  28,  in  which  a  pair  of  ring  mains  are  supplied  at 
the  feeding-points,  with  a  voltage  F,  the  total  value  of  the  current 
being  /.  The  resistance  of  a  semicircular  portion  of  each  main  is 
R.  Two  equal  lamps  are  assumed  to  be  connected  as  shown,  the 
current  in  each  being  \  L  Let  x  be  the  current  that  flows  down- 
ward from  the  +  feeding-point,  then  the  current  in  the  upper  half 
of  mains  is  /  —  ;r,  and  their  combined  resistance  is  2  Ry  hence,  — 


V  -F,  =  2^(/-jc)  or  J?/-  ^^^«  =  J?jc, 


and 
also 

tors. 


V  ^V^^Rx, 
*  This  matter  will  be  discussed  further  under  the  head  of  **  Networks  "  of  conduc- 


lorF, -r,+^  =  JP*. 


(22) 
(23) 
(24) 
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From  (23)  and  (24), 


K  -  f;  =  F,  ^  r,  + 


RI 


From  (22)  and  (23), 

V 
From  (25), 


^-^^  =  ^^-y  +  y- 


Substituting  this  value  of  V^  in  (2G), 
Simplifying,  we  have. 


2  2         4 


From  (27)  and  (29), 
From  (23), 


&RI 
8 


3^7 


J'-r, 


(25) 
(26) 
(27) 

(28) 
(29) 

(30) 
(31) 


To  take  a  specific  case,  let  us  assume   F=  110  volts,  7=8 
amperes,  and  7?  =  1  ohm.     Then  we  find  from  (29),   (30),  and 


.. —  R .. 


>uo 


4»^(x.^„.| 


•  105 


>4-t04. 


Ffq^  28  and  29.    Irregular  Distribution  of  Lamps  on  Ring  Olrtult 

(81)  that  Fi  =  105  volts,  F,  =  104  volts,  x  =  5  amperes,  the 
current  that  flows  upward  from  the  +  feeding-point  is  8  —  5  = 
3  amperes,  the  current  in  each  lamp  being  4  amperes.  Fig.  29 
represents  the  distribution  of  potential  in  this  case,  including  the 
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drop  in  each  portion  of  the  mains.  The  addition  of  more  lamps 
to  this  circuit,  whether  symmetrically  or  unsymmetrically  placed, 
would  increase  the  total  and  average  drop,  also  the  maximum  dif- 
ference in  voltage  between  lamps. 

The  general  conclusion  is,  that  the  three  statements  made  on 
page  47  apply  not  only  to  the  simple  arrangement  shown  in  Fig. 
13,  but  also  to  almost  any  parallel  system  of  mains,  with  the 
exception  of  peculiar  conditions  on  an  anti-parallel  circuit,  as  ex- 
plained in  connection  with  Fig.  27.  Hence  it  is  ordinarily  suffi- 
cient in  practice  to  calculate  the  distribution  of  potential  on  a 
parallel  system  for  full  load,  since  the  total  or  average  drop,  and  the 
greatest  difference  in  voltage  between  lamps,  will  almost  always 
be  smaller  for  any  number  or  arrangement  of  lamps  less  than  the 
maximum  load.  Heretofore  the  principal  point  that  has  been  con- 
sidered in  discussing  parallel  systems  has  been  the  difference 
between  the  pressures  supplied  to  the  various  lamps  which  are 
burning  at  the  same  time.  But  it  has  already  been  explained  on 
page  35  that  in  cases  where  the  total  drop  is  considerable, — 10 
per  cent,  for  example,  —  the  voltage  at  the  lamps  will  rise  nearly 
that  same  percentage  when  the  full  load  is  thrown  off,  leaving  only 
a  few  lamps.  It  will  now  be  well  to  study  the  means  employed 
to  prevent  variations  in  the  voltage  of  a  given  lamp  when  others 
are  thrown  on  or  off  the  same  circuit. 

Regulation  of  Voltage  Supplied  to  Parallel  Systems.  —  The 
feeding-p)oints  in  the  various  diagrams  (Figs.  13  to  29)  might  in 
some  cases  be  supplied  with  current  directly  from  the  generator, 
or  the  feeders  may  Be  so  short  that  their  resistance  is  insignificant. 
Under  those  circumstances  it  would  only  be  necessary  for  the  dy- 
namo or  other  source  to  generate  a  constant  pressure  in  order  to 
supply  the  mains  represented  in  Figs.  13,  15,  and  16.  If  this 
were  kept  at  111  volts,  the  last  group  of  lamps  would  receive  109 
volts  at  full  load,  and  no  lamp  could  receive  more  than  111  volts, 
even  if  all  but  one  were  turned  out,  so  that  the  extreme  variation 
would  be  but  one  volt  from  the  normal  pressure  of  110  volts.  The 
large  amount  of  copper  used  in  these  cases  saves  the  trouble  of 
regulation,  and  often  might  be  worth  the  extra  first  cost. 

This  is  practically  the  way  that  the  majority  of  isolated  plants 
are  operated,  the  size  of  the  wires  being  made  sufficient  to  limit 
the  drop  to  a  small  amount  so  that  the  dynamos  may  be  run  at  a 
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fixed  voltage.  With  wiring  designed  for  a  total  drop  of  4  per  cent, 
the  greatest  variation  from  the  average  pressure  would  only  be 
about  2  volts,  and  usually  the  maximum  drop  is  between  2  and 
4  per  cent  for  isolated  plants  where  the  distances  are  moderate. 
In  most  cases,  even  the  simplest,  feeders  are  employed  to  connect 
the  mains  with  the  generators,  so  that  the  pressure  lost  in  them 
must  be  included  in  determining  the  total  drop.  When  the  dis- 
tances are  greater,  or  it  is  attempted  to  save  copper  by  using 
smaller  conductors  or  by  adopting  such  arrangements  of  mains  as 
those  represented  in  Figs.  17  to  22,  the  drop  becomes  too  large  to 
warrant  the  maintaining  of  a  constant  potential  at  the  dynamo. 
Nevertheless,  many  small  central  stations  and  isolated  generating 
plants  are  operated  at  an  approximately  fixed  voltage,  in  spite  of  the 
fact  that  the  drop  may  be  5  per  cent  or  more.  The  usual  practice 
in  such  cases  is  to  run  the  dynamos  about  2  per  cent  above  the 
normal  voltage  of  the  lamps,  the  consequence  being  that  at  full 
load  the  latter  receive  about  3  per  cent  less  pressure  than  that  for 
which  they  are  intended,  assuming  the  drop  to  be  5  per  cent.  This 
custom  arises  from  the  fear  of  shortening  the  life  of  incandescent 
lamps  by  feeding  them  with  too  high  a  voltage. 

It  appears  to  be  a  generally  accepted  idea  that  the  rated  pres- 
sure of  a  lamp  is  a  limit  above  which  it  should  never  be  allowed  to 
rise.  As  a  matter  of  fact,  the  voltage  marked  on  the  lamp  should 
be  considered  as  an  average  value,  to  be  approximated  as  closely  as 
possible  at  all  times.  It  is  a  rare  thing  to  see  incandescent  lamps 
burning  even  one  or  two  per  cent  above  their  rated  pressure,  while 
they  are  very  often  operated  considerably  below  this  point.  The 
author  has  observed  in  thousands  of  cases  in  America  and  Europe 
that  incandescent  lamps  are  usually  run  perceptibly  below  their 
proper  voltage,  and  at  least  half  of  them  are  so  low  that  they  are 
positively  dim.  This  is  partly  due  to  the  usual  falling  off  in  the 
candle-power  of  lamps  which  occurs  after  they  have  burned  for 
some  time,  amounting  to  a  considerable  loss  after  a  run  of  500 
hours.  This  matter  will  be  treated  fully  under  the  head  of  incan- 
descent lamps.  In  isolated  plants,  and  in  many  central  stations 
where  lamp  renewals  are  paid  for  by  the  user,  this  diminution  in 
candle-power  is  great  because  of  the  tendency  to  unduly  prolong 
the  life  of  the  lamps.  But  in  stations  or  plants  where  it  is  desired 
to  render  good  service,  the  lamps  are  renewed  more  frequently. 
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The  reason  for  generating  a  constant  potential  is  the  simplicity 
and  convenience  secured  by  so  doing.  The  attendant  merely  has 
to  keep  the  index  of  the  volt  meter  at  a  certain  point,  by  means 
of  the  ordinary  rheostat  in  the  shunt  field  circuit,  being  either  in- 
structed to  do  so,  or  naturally  falling  into  that  habit.  It  would 
greatly  improve  the  service,  however,  if  the  pressure  were  kept  at 
a  given  value  for  any  number  of  amperes  up  to  half  load,  and  raised 
a  certain  percentage  when  the  current  exceeds  that  amount.  For 
example,  below  half  load  the  dynamo  could  be  regulated  to  generate 
2  volts  higher  potential  than  the  normal  voltage  of  lamps,  which 
would  again  be  increased  2  volts  when  the  current  is  greater  than 
half  load,  the  total  drop  being  5  volts.  In  this  way  the  pressure 
at  the  lamps  would  not  be  more  than  one  or  two  volts  high  or  low 
at  any  time,  and  the  extra  trouble  or  intelligence  required  would 
certainly  be  insignificant.  Indeed,  it  would  seem  to  be  perfectly 
practicable  to  carry  this  plan  further,  and  subdivide  the  load  into 
three  or  even  four  parts  instead  of  two.  The  instructions  could 
be  just  as  definite  and  almost  as  easily  carried  out  as  for  one  fixed 
potential.  If  this  regulation  were  effected  by  hand,  using  the 
ordinary  rheostat  in  the  field  circuit,  it  would  be  a  rough  approxi- 
mation to  the  rise  in  voltage  with  increasing  load  which  occurs 
automatically  in  an  "  over-compound  "  dynamo. 

Regulation  by  Means  of  Compound  or  Over-Compound  Dynamos. 
—  It  would  seem  that  an  excellent  way  to  operate  systems  in 
which  a  constant  potential  is  required  at  the  lamps  or  other  re- 
ceivers, is  to  employ  generators  which  are  over-compound  wound 
to  give  a  rise  in  voltage  from  no  load  to  full  load  the  same  in 
amount  as  the  total  drop,  thus  automatically  securing  the  desired 
result.  An  objection  to  this  plan  is  the  tendency  for  the  E.M.F, 
of  the  dynamo  to  rise,  and  a  very  excessive  current  to  flow  in  case 
of  a  short-circuit.  The  E.M.F,  of  a  plain  shunt  machine,  on  the 
other  hand,  tends  to  fall  with  a  short-circuit.  But  when  properly 
protected  by  fuses  or  circuit-breakers  this  difficulty  is  not  likely  to 
be  serious.  Another  difficulty  that  may  arise  in  such  a  case  is  the 
fact  that  when  there  are  two  or  more  over-compound  generators 
the  pressure  may  be  too  high  when  only  one  is  in  use.  For  exam- 
ple, when  one  machine  out  of  two  is  running  with  one-half  of  the 
total  load,  it  will  raise  the  voltage  just  as  much  as  if  both  were 
working  at  full  load,  whereas  it  should  only  increase  the  pressure 
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one-half  of  the  maximum  percentage  of  drop.  This  trouble  may 
be  avoided  by  always  leaving  in  circuit  the  series  coils  of  all  the 
dynamos,  or  preferably  by  substituting  an  equivalent  resistance 
for  them  when  they  are  disconnected.* 

The  manner  of  connecting  two  or  more  compound  dynamos  to 
operate  in  parallel  is  represented  in  Fig.  30.  A  is  the  armature, 
B  the  series,  and  C  the  shunt  field  coils,  R  the  field  rheostat,  D^  F^ 
are  switches  connecting  the  main  terminals  of  the  dynamo  with 
the  *bus  bars  G  and  /  respectively,  and  ^  is  a  switch  to  connect 


Fig.  30.    Compound  Dynamoa  In  ParalM. 

the  equalizer  t  H  with  the  brush  from  which  the  series  coil  B  leads. 
It  is  a  common  practice  to  mechanically  join  Dy  E,  and  F  hy  ^ 
cross-bar  so  that  they  move  together  and  form  a  three-pole  switch. 
In  such  cases,  when  a  dynamo  is  about  to  be  connected  to  the  cir- 
cuit, the  switches  D^  Ey  and  F  are  left  open,  and  the  field  magnet 
is  excited  by  the  shunt  coil  Q  being  regulated  by  the  rheostat  R 
until  the  pressure  generated  is  a  little  greater  (about  one  per 
cent)  than  the  difference  of  potential  between  the  'bus  bars  G  and 
/.    This  fact  may  be  ascertained  by  comparing  two  volt  meters 

♦  This  matter  is  explained  in  vol.  i.,  p.  349.      .  t  Vol.  i.,  p.  848. 
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respectively  connected  to  the  dynamo  and  to  the  'bus  bars,  or  by 
connecting  a  single  volt  meter  first  to  one  and  then  to  the  other, 
which  avoids  the  error  due  to  a  difference  between  two  instru- 
ments. A  still  better  plan  is  to  connect  the  dynamo  to  the  'bus 
bars  through  a  high  resistance  and  a  galvanometer  which  deflects 
one  way  or  the  other  according  to  whether  the  dynamo  voltage  is 
higher  or  lower  than  that  of  the  circuit.  For  this  purpose  it  is 
very  convenient  to  use  a  volt  meter  having  a  scale  on  both  sides  of 
the  zero  point.  After  the  pressure  of  the  dynamo  has  been  prop- 
erly regulated,  the  three  switches,  D^  Ey  and  F,  are  closed.  When 
this  is  done  simultaneously  with  a  three-pole  switch,  a  considerable 
current  will  flow  through  the  series  coil  B^  which  tends  to  still 
further  increase  the  voltage  of  this  dynamo,  at  the  same  time  tak- 
ing cunent  away  from  the  series  coils  of  the  other  machines,  and 
thereby  reducing  their  potential.  The  shifting  of  load  thus  pro- 
duced may  be  so  sudden  and  so  great  as  td  be  objectionable.  To 
avoid  this  difficulty  the  two  switches  E  and  F  are  sometimes  com- 
bined to  form  a  double-pole  switch,  the  other  one,  D^  being  operated 
independently.  With  this  arrangement  the  double-pole  switch 
EF  is  closed  first,  allowing  the  current  to  flow  through  the  series 
coil  B,  and  the  regulation  of  voltage  is  made  under  these  condi- 
tions. The  switch  D  is  then  closed,  and  the  E,M.F.  of  that  ma- 
chine will  not  change  materially.  The  current  which  it  generates 
will  also  be  small,  provided  its  voltage  was  adjusted  to  be  only 
slightly  greater  than  that  of  the  *bus  bars. 

When  the  three  switches,  Z>,  E,  F,  are  simultaneously  closed, 
it  is  found  in  practice  that  armature  reaction,  etc.,  tend  to  lower 
the  potential  of  the  generator  about  as  much  as  the  current  in  the 
series  coil  tends  to  raise  it,  hence  the  effects  counteract  each  other. 
But  it  is  merely  an  accident  if  such  is  the  case,  and  it  can  only  be 
determined  by  trial.  It  often  happens  that  the  two  actions  do  not 
balance  each  other,  the  rise  of  E.ALF,  being  greater  than  the  fall. 
In  these  cases,  which  are  common  in  electric  railway  stations,  the 
attendants  learn  by  experience  that  the  pressure  of  a  dynamo 
should  be  regulated  a  certain  number  of  volts  below  that  of  the 
*bus  bars  before  it  is  connected  to  them,  in  order  that  it  shall  act 
properly  when  the  three-pole  switch  is  closed.  This  is  certainly 
a  crude  method  of  working,  and  increases  the  chance  of  having  a 
back  current  flow  through  the  series  coil,  which  would  tend  to 
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demagnetize  the  field  if  the  EM,F,  of  the  dynamo  is  considerably 
less  than  the  pressure  at  the  'bus  bars,  particularly  when  the 
equalizer  is  somewhat  long  or  is  too  small  in  cross  section. 

It  would  seem  to  be  generally  desirable  to  separate  the  switch 
D  in  order  to  have  independent  control  of  the  equalizer.  Another 
advantage  secured  by  this  arrangement  is  the  field  excitation 
that  is  positively  produced  when  the  switch  £  F  is  closed,  avoid- 
ing the  delay  and  uncertainty  which  are  always  involved  when  self- 
excitation. alone  is  depended  upon.  In  fact,  self-exciting  dynamos 
often  fail  to  generate,  or  become  reversed  in  polarity.*  The  use 
of  separate  switches  also  enables  the  series  coil  to  be  left  in  cir- 
cuit when  a  dynamo  is  not  working,  for  the  reasons  explained  on 
page  63.  The  three  switches  Z>,  E,  and  F  might  all  be  made 
independent ;  but  there  would  then  be  a  chance  for  D  and  F  to  be 
closed,  and  the  equalizer  switch  E  left  open,  which  is  likely  to 
cause  serious  trouble,  due  to  an  excessive  or'  reversed  current  in 
the  series  coil  B ;  or  the  switches  D  and  E  might  happen  to  be 
closed  with  F  open,  in  which  event  the  series  coil  would  not  be  in 
circuit,  and  the  dynamo  could  not  generate  suflficient  voltage  when 
the  load  increased. 

Compound  or  over-compound  generators  are  generally  used  in 
isolated  plants  and  smaller  central  •  stations,  and  are  almost  uni- 
versally employed  in  electric  railway  power-houses ;  but  in  large 
electric-lighting  stations  plain  shunt  dynamos  are  often  employed 
in  order  to  give  greater  flexibility  of  regulation.  In  such  systems 
the  lamps  and  other  devices  are  supplied  through  a  number  of 
feeders,  which  are  fed  with  different  pressures  at  the  station 
according  to  their  length  and  the  load  upon  them.  The  methods 
employed  will  be  described  later  under  the  head  of  "Feeder 
Regulation."  It  should  also  be  noted  in  this  connection  that  the 
business  of  large  stations  Mrarrants  the  constant  employment  of 
one  or  more  men  to  regulate  the  voltage,  while  in  small  plants 
the  regulation  should  be  automatic  as  far  as  possible,  in  order  to 
reduce  the  required  attendance  to  a  mimimum.  It  is  not  unusual 
for  such  plants  to  be  left  to  take  care  of  themselves  for  consider- 
able periods  of  time.  In  most  cases  automatic  regulation  has  to 
be  supplemented  more  or  less  by  hand  adjustment  of  the  field 
rheostat  to  make  up  for  change  in  speed  due  to  variations  in 

•  Vol.  i.,  p.  362. 
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Steam  pressure  or  water  pressure  in  the  case  of  hydraulic  power. 
The  heating  of  the  field  coils  and  resistances  in  shunt  and  com- 
pound dynamos,  as  well  as  hysteresis  in  the  magnets,  also  cause 
variations  in  the  voltage  which  usually  have  to  be  overcome  by 
hand  regulation. 

Automatic  Constant-Potential  Regulators.  —  To  entirely  avoid 
the  necessity  for  hand  regulation,  or  to  reduce  it  to  a  minimum. 


F\q.  31. 
Biilknap-Ohapman  Automatfe  Voitage  RBgulator. 


automatic  devices  may  be  used  to  maintain  constant  potential. 
One  of  these  regulators,  illustrated  in  Fig.  81,*  consists  essentially 
of  a  rheostat  in  the  shunt  field  circuit,  whose  moving  arm,  JV, 
is  operated  by  a  solenoid,  Q.  A  relay  solenoid,  A,  is  connected 
across  the  main  conductors  through  the  binding-posts  //',  and 
has  contact  points,  /,  that  govern  the  admission  of  current  to  the 
working  solenoid  Q,  The  latter  is  differentially  wound  with  four 
coils,  two  of  which  have  a  small  continuous  current  flowing  through 
them,  and  are  in  opposition  to  each  other,  the  current  being  sup- 

•  Electrical  World,  N.Y.,  March  20,  1897,  p.  896. 
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plied  through  the  switch  C,  and  binding-posts  /y^.  The  other 
two  coils,  when  the  circuit  through  them  is  closed  by  the  relay, 
act  to  neutralize  one  of  the  continuously  excited  coils.  This  method 
of  operation  avoids  the  injurious  sparking  that  would  occur  if  the 
circuit  of  the  main  solenoid  were  actually  broken,  and  thus  per- 
mits a  close  adjustment  of  the  relay  contact  points,  and  secures  a 
more  sensitive  regulation.  The  cores  of  the  solenoid  are  composed 
of  small,  soft  iron  wires  to  give  quick  action  and  reduce  hysteresis 
effects.  Two  lamps,  'F  F' y  constitute  a  non-inductive  resistance  for 
the  relay  circuit.  ArKqrdinary  hand  rheostat,  Ey  is  included  in 
the  shunt  field  circuit  in\rder  to  adjust  the  resistance,  and  also 
give  independent  control.  ^The  voltage  for  which  the  device  is  set 
may  be  altered  by  shifting  tfie  small  weight  J  on  the  relay  lever. 
In  this  device  the  consumption  of  energy  is  not  large,  being  only 
60  or  70  watts  for  a  large  regulator.  The  construction  as  de- 
scribed would  tend  to  maintain  a  constant  potential  at  the  points 
on  the  circuit  to  which  the  brnding-posts //'  are  connected.  It 
is  evident  that  these  may  be  in  the  station  or  at  any  desired  posi- 
tion on  the  system  of  conductors,  thus  producing  the  effect  of  over- 
compound  winding.  This  would  necessitate  the  running  of  special 
pressure  wires  to  some  distance,  which  may  be  avoided  by  provid- 
ing the  relay  solenoid,  A^  with  a  series  coil  in  addition  to  the  shunt 
coil,  or,  in  short,  by  compounding  the  regulator  instead  of  the  field 
magnets  themselves.  The  series  coil  would  have  to  be  connected 
in  the  main  circuit,  or  shunted  around  a  resistance  placed  in  it. 

In  order  to  maintain  a  constant  current  for  charging  storage 
batteries  and  for  other  purposes,  the  relay  A  is  wound  with  a  series 
coil  only.  These  devices  are  also  made  for  alternating  current 
regulation.  A  later  form  of  the  Chapman  regulator  is  described 
in  the  Electrical  World,  April  16,  1898,  p.  480. 

Methods  of  Exciting  the  Shunt  Coils  of  Dynamos.  —  The  three 
principal  ways  of  exciting  the  shunt  field  coils  of  either  a  plain 
shunt  or  compound  generator  are  known  as  Self  excitation,  'Bus 
excitation^  and  Separate  excitation. 

If  self-excited,  the  terminals  of  the  shunt  field  coils  are  connected 
to  the  brushes,  hence  the  magnetism  gradually  dies  away  as  the 
dynamo  is  slowed  down  after  being  disconnected  from  the  circuit  ; 
and  when  it  stops  the  field  has  disappeared,  except  a  little  residual 
magnetism.     This  avoids  the  danger  of  piercing  the  insulation  of 
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the  field  or  armature  winding,  which  is  likely  to  occur  if  the  mag- 
netism be  suddenly  discharged.  The  disadvantages  of  this  method 
are  the  slowness  with  which  the  dynamo  builds  up  its  own  field, 
and  the  possibility  that  it  may  entirely  fail  to  generate,  or  become 
reversed  in  polarity.  In  'bus  excitation  the  shunt  field  coils  are 
fed  from  the  station  mains  or  *bus  bars,  the  advantages  being  the 
fact  that  the  field  magnetism  is  promptly  and  positively  brought 
to  full  strength  so  that  the  dynamo  may  be  connected  to  the  others 
as  soon  as  it  attains  its  speed,  and  the  polarity  cannot  become 
reversed.  On  the  other  hand,  the  field  may  be  accidentally  left  in 
circuit  after  the  dynamo  is  stopped,  and  it  is  always  necessary  to 
discharge  it  through  a  bank  of  lamps  or  other  resistance  by  means 
of  a  field  break  switch.  This  method  of  discharge,  although  safe, 
might  cause  trouble  if  the  bank  of  lamps  were  disconnected,  or 
otherwise  out  of  order. 

With  separate  excitation  the  field  circuits  of  the  generators 
are  connected  to  a  special  dynamo  or  other  source  of  current. 
This  plan  has  all  the  advantages  and  disadvantages  of  'bus  excita- 
tion, and  has  the  additional  merit  that  the  field  strength  is  not 
affected  by  changes  in  voltage  occurring  on  the  main  circuit,  which 
would  tend  to  aggravate  the  variations.  It  also  has  the  difficulty 
that  the  exciting  dynamo  or  battery  is  comparatively  small,  and 
may  therefore  be  weak  and  unreliable.  An  accident  to  it  would 
incapacitate  as  many  generators  as  were  being  charged  by  it.  In 
a  three-wire  system  the  shunt  field  circuits  of  the  dynamos  on  one 
side  may  be  supplied  with  current  from  the  other  side  of  the  sys- 
tem, which  practically  amounts  to  separate  excitation,  except  that 
an  extra  generator  is  not  required.  But  if  any  trouble  occurs  on 
one  side  it  is  likely  to  affect  both  sides  of  the  system. 

In  the  method  of  excitation  devised  by  Mr.  W.  I.  Donshea,* 
and  represented  in  Fig.  32,  one  terminal  of  the  shunt  field  winding 
5  leads  to  one  of  the  brushes  C,  while  the  other  end  is  brought 
through  the  regulating  rheostat  R  to  the  blade  of  the  field  switch 
F.  This  blade  is  pivoted  on  the  same  axis  as  the  main  dynamo 
switch  My  but  the  two  are  not  electrically  connected  together. 
The  other  main  switch,  Ny  and  field  switch,  F,  are  first  closed,  M 
being  left  open.  This  completes  the  field  circuit  so  that  it  is 
excited  from  the  'bus  bars  B  +  and  ^  —  as  shown.     When  the 

♦  Electrical  Engineer,  N.V.,  Jan.  22,  1896. 
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dynamo  is  regulated  to  the  proper  voltage,  the  main  switch  M  is 
then  closed.  On  the  blade  of  the  latter  there  is  a  catch  which 
engages  with  the  blade  of  the  field  switch  F  and  locks  them  to- 
gether, also  forming  an  electrical  contact.  When  the  main  switch 
M  is  opened  in  order  to  throw  the  machine 

-Si -y  out  of  circuit,  it  brings  the  blade  of  the  field 

switch  with  it,  the  two  remaining  in  elec- 
trical connection ;  the  field  being  now  self- 
excited  dies  away  gradually  as  the  dynamo 
slows  down.  The  switch  N  may  then  be 
opened  in  order  to  entirely  disconnect  the 
machine  from  the  circuit.  When  the  dy- 
namo is  required  again,  the  catch  that  locks 
the  two  switches  together  is  withdrawn,  and 
the  field  switch  is  closed  independently,  the 
other  steps  having  already  been  described. 
This  method  combines  the  advantages  of 
self  and  'bus  excitation  without  involving 
complication.  The  *bus  bars  B  -|-  and  B  — 
in  Fig.  32  may  be  indefinitely  extended  in 
either  direction  ;  and  any  number  of  dyna- 
mos may  feed  current  to  them,  the  connec- 
tions and  operation  being  the  same  for  each. 
If  there  happened  to  be  no  current  on  the 
'bus  bars,  owing  to  accident  or  the  stopping  of  all  the  machines, 
any  one  of  them  could  be  started  as  a  self-exciting  dynamo  by 
closing  the  switches  F  and  M. 

The  excitation  of  a  compound  generator  is  conveniently  and 
effectively  accomplished  by  causing  current  from  the  other  ma- 
chines to  flow  through  its  series  coil ;  for  example,  the  switches 
E  and  F  in  Fig.  30  are  first  closed,  as  already  explained.  But  a 
compound  dynamo  working  alone  would  have  to  build  up  its  own 
magnetism  the  same  as  a  series  or  shunt  machine.  In  the  case  of 
the  last  named,  it  excites  more  readily  the  higher  the  resistance  in 
the  external  circuit,  hence  the  latter  should  be  opened  if  possible. 
But  with  a  series  or  compound  the  excitation  is  facilitated  by  short- 
circuiting  the  main  terminals  so  that  a  strong  current  will  flow  in 
the  series  field  coils.  This  should  be  tried,  however,  only  when 
the  machine  refuses  to  generate  under  normal  conditions ;  and  the 
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short-circuit  should  be  carefully  applied  for  brief  periods,  otherwise 
a  very  excessive  current  may  be  produced.  The  causes  and  reme- 
dies for  a  dynamo  failing  to  generate  are  given  in  Vol.  I.,  p.  362, 
and  more  fully  in  Practical  Management  of  Dynamos  and  Motors 
by  Crocker  and  Wheeler,  p.  155. 

Feeder  Regulation.  —  It  has  been  stated  on  page  61  that  the 
ordinary  practice  in  the  smaller  electric-lighting  plants  is  to  oper- 
ate the  generators  at  a  fixed  voltage,  or  to  supply  a  somewhat 
higher  voltage  as  the  load  in  amperes  increases,  in  order  to  make 
up  for  the  drop  in  pressure  on  the  conductors.  The  rise  in  vol- 
tage is  produced  by  hand  regulation,  over-compound  winding,  or  by 
an  automatic  regulator,  as  already  described.  In  large  systems  of 
distribution  the  various  feeders  (Fig.  12)  may  differ  greatly  in 
length,  and  may  be  very  unequally  loaded,  the  latter  condition  being 
in  a  continual  state  of  change.  It  therefore  becomes  necessary  to 
independently  control  the  different  feeders,  for  which  purpose  sev- 
eral methods  are  employed,  as  follows  :  — 

1.  Connecting  and  disconnecting  feeders  at  various  points  on 
the  mains ;  2.  Feeder  rheostats ;  3.  Auxiliary  *bus  bars ;  and  4. 
"  Boosters." 

The  first  of  these  methods  is  represented  in  Fig.  33,  in  which 
a  pair  of  mains,  P  Q  and  R  S,  are  supplied  with  current  from  the 
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Fig.  33.    Feeder  Regulation  by  Disconnecting  Feeders. 

generator  D  by  means  of  feeders  A,  B,  and  C,  the  corresponding 
return  feeders  being  shown  below.  It  is  assumed  that  there  are 
considerably  more  lamps  burning  at  /  and  L  than  at  K,  hence  the 
voltage  would  be  higher  at  K  than  at  /  and  Z,  if  all  three  feeders 
were  in  circuit.  This  difference  will  be  reduced  by  opening  the 
switch  F,  thereby  disconnecting  the  feeder  By  as  indicated.     The 
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small  amount  of  current  required  for  the  few  lamps  at  K  will  be 
supplied  from  both  directions  by  the  feeders  A  and  C  with  very 
little  drop.  If  nearly  all  the  lamps  at  L  were  turned  out,  the  feeder 
A  could  al&o  be  disconnected  by  opening  the  switch  E ;  but  if  every 
lamp  were  put  in  use,  or  if  the  load  on  the  mains  happened  to  be 
uniform,  then  all  three  switches,  E,  F,  and  G,  should  be  closed. 

The  distribution  of  potential  on  uniformly  loaded  mains  sup- 
plied by  feeders  at  symmetrical  points  is  illustrated  in  Fig.  34. 
Each  of  the  mains  E  K  and  S  T  'v&  supposed  to  consist  of  1,800 
feet  of  No.  2  {A,  W,  G^.)  copper  wire,  and  supplies  ten  equidistant 
groups  of  lamps,  each  taking  ten  amperes.  These  mains  are  fed 
with  current  from  the  generator  D  by  feeders  A  and  B,  which  lead 
to  points  400  feet  from  each  end.     The  portion  EFG  of  the  mains 
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F\q.  84.    Uniformly  ijoaded  Mains  anti  Uniformly  Distributed  Feeders. 


is  identical  with  the  arrangement  shown  in  Fig.  16,  and  so  is  the 
portion  HJK\  hence  the  distribution  of  potential  will  be  the  same 
as  in  that  case,  and  is  represented  in  Fig.  35,  the  highest  pressurS 
being  111  and  the  lowest  109  volts.  With  a  perfectly  symmetri- 
cal arrangement  of  the  lamps,  there  will  be  no  flow  of  current  in 
either  direction  between  G  and  H\  hence  those  sections  of  the 
mains  could  be  removed  without  affecting  the  electrical  conditions. 
But  in  case  there  were  more  lamps  at  one  end  than  at  the  other, 
then  there  would  be  a  transfer  of  current  through  GH,  which 
would  tend  to  equalize  the  pressure.  The  feeder  A  is  assumed  to 
consist  of  1,600  feet  of  No.  0000  wire  having  a  resistance  of  about 
.08  ohm,  and  carrying  60  amperes ;  since  it  supplies  5  groups  of 
lamps,  each  taking  10  amperes.  The  drop  upon  it  is  50  x  .08  =  4 
volts,  and  the  same  amount  for  the  return  feeder  a ;  consequently 
the  potential  at  the  generator  D  must  be  111  +  4  +  4  =  119  volts. 
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If  the  Other  feeder  B  consists  of  600  feet  of  No.  1  wire,  its  resis- 
tance will  be  about  .075  ohms,  which  is  approximately  the  same, 
and  would  cause  a  similar  drop.  In  this  instance  the  resistances 
of  two  feeders  are  designed  to  be  about  equal  by  making  their 
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fiq.  35.    PoUntial  Diagram  Correapondtng  to  FJg.  34, 


cross-sections  proportional  to  their  lengths.  If  the  feeder  B  were 
made  of  the  same  size  wire  as  A,  the  drop  upon  the  former  would 
only  be  tVA  =  3  as  much,  or  Ij  volts,  in  which  case  it  should  be 
supplied  with  111  +  Ij  +  li=  114  volts  instead  of  119,  and  one 
of  the  following  methods  of  feeder  regulation  would  be  required. 
The  same  statement  applies  if  the  currents  in  the  feeders  differ 
considerably  when  their  resistances  are  approximately  equal. 

Feeder  Regulation  by  Resistance.  —  In  such  cases  a  feeder 
rheostat,  or  "  feeder  equalizer,"  consisting  simply  of  a  variable  re- 
sistance, may  be  placed  in  series  with  each  feeder,  as  represented 
in  Fig.  36,  the  current  capacity  of  the  rheostat  being  sufficient  for 
the  maximum  current  conveyed  by  the  feeder.  In  operating  such 
a  system  a  certain  amount  of  resistance  R  is  introduced  into  the 
circuit  of  feeder  A  that  is  lightly  loaded,  in  order  that  the  pressure 
which  it  supplies  to  the  mains  shall  not  be  too  high  compared  with 
that  of  the  more  heavily  loaded  feeder  By  which  has  less  resistance 
inserted.  Thus  by  adjusting  the  arms  of  the  rheostats  R  and  S, 
the  voltage  at  the  ends  of  the  feeders  A  and  B  may  be  made  equal 
for  all  loads,  or  the  potential  at  the  outer  end  of  B  may  be  raised 
a  little  above  that  of  A,  in  order  to  make  up  for  the  greater  drop 
in  the  mains  at  H  than  at  F. 

The  voltage  at  the  farther  ends  of  the  feeders  may  be  deter- 
mined by  running  extra  conductors,  IVIV,  called  "  pressure  wires," 
from  the  generating-plant  to  the  point  at  which  the  feeder  is  con- 
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nected  to  the  mains.  The  actual  potential  is  read  directly  on  the 
voltmeter  V^  since  the  current  in  the  wires  W  W  is  so  little  that 
there  is  no  appreciable  drop  upon  them  even  when  they  are  quite 
small.  Another  method  consists  in  subtracting  the  drop  I  R  on 
the  feeders  from  the  voltage  Fat  the  generators;  that  is,  the  po- 
tential at  the  ends  of  the  feeders  P  =  V  —  I  k/m  which  /  is  the 
current  and  R  the  resistance  of  a  given  pair  of  feeders.  For  this 
purpose  an  amperemeter  may  be  put  in  series  with  each  pair  of 
feeders,  and  it  can  be  calibrated  to  give  the  drop  upon  them  by 
simply  multiplying  its  scale  number*  by  the  total  resistance  of  the 
two  feeders.  A  still  more  perfect  device  is  the  so-called  compen- 
sated voltmeter.  This  has  the  ordinary  coil  which  measures  the 
voltage  of  the  generators,  and  an  additional  coil  that  carries  a  cer- 
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Fig.  36.    Fttder  Regulatton  by  Reaiatance. 

tain  fraction  of  the  feeder  current,  the  effect  of  the  latter  being  to 
slighty  oppose  the  former,  so  that  it  reduces  the  deflection  of  the 
pointer,  and  indicates  the  pressure  at  the  outer  end  of  the  feeder. 
The  objection  to  the  resistance  method  of  regulation  is  the  loss  of 
energy  that  it  entails,  the  amount  of  which  is  represented  by  the 
percentage,  that  the  voltage  supplied  to  a  given  feeder  is  lowered. 
The  present  practice  tends  toward  the  use  of  the  two  following 
methods  of  feeder  regulation  in  preference  to  the  two  already  de- 
scribed, particularly  in  the  larger  systems. 

Auxiliary  'Bus  Bars  are  often  employed  in  stations  or  plants  of 
considerable  size,  in  order  to  avoid  the  loss  of  energy  which  inevi- 
tably occurs  when  "  dead  "  resistance  is  used  for  regulation.  This 
method  is  represented  in  its  simplest  form  in  Fig.  37,  C  and  D 
being  two  dynamos,  one  of  which,  D,  is  connected  to  the  main 
*bus  bar  F,  and  generates  the  ordinary  potential  required  to  supply 
the  shorter  feeders,  or  those  that  are  lightly  loaded,  such  as  B. 
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The  other  dynamo,  C,  runs  at  a  higher  voltage,  and  is  connected 
to  the  auxiliary  'bus  bar  E  for  supplying  the  longer  or  more  heavily 
loaded  feeders  represented  by  A,  The  scope  for  regulation  is  still 
further  increased  by  varying  the  pressure  at  either  or  both  of  the 
'bus  bars.  This  may  be  accomplished  by  hand  or  automatically, 
rheostats  in  the  shunt  field  circuits  of  the  dynamos,  compound 
winding,  or  other  means  for  controlling  the  E.M,R  of  dynamos, 
being  employed  for  the  purpose.     In  this  connection  it  should  be 
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Fig,  87.    Feeder  Regulation  with  Auxlllarg  *Bue  Bw. 

noted  that  the  introduction  of  resistance  in  a  shunt  or  separately 
excited  field  circuit  involves  far  less  loss  of  energy  than  when  it 
is  put  in  the  main  circuit,  since  the  current  in  the  former  is  only 
about  one  to  three  per  cent  of  the  latter.  It  is  evident  that  any 
number  of  'bus  bars  may  be  used,  being  supplied  with  current  by 
dynamos  running  at  different  voltages  ;  and  two  or  more  dynamos 
may  be  operated  in  parallel  on  any  'bus  bar,  in  accordance  with 
the  demands  for  current.  It  is  also  obvious  that  several  feeders 
may  be  connected  to  one  'bus  bar.  Each  feeder  is  provided  with 
switches  that  connect  it  to  any  particular  'bus  bar  according  to  the 
load  upon  it. 

A  Transfer  'Bus  Bar  is  used  to  enable  a  feeder  to  be  gradually 
shifted  from  one  'bus  bar  to  another,  without  the  sudden  variation 
in  potential  which  would  occur  if  it  were  thrown  over  directly  by 
means  of  the  switches  mentioned  above.  This  arrangement  is  in- 
dicated in  Fig.  38,  being  similar  to  that  shown  in  Fig.  37,  but  hav- 
ing a  transfer  'bus  bar  P  in  addition  to  the  main  and  auxiliary  bars 
F  and  E,  The  latter  is  connected  to  the  resistance  coils  of  a 
rheostat,  the  movable  arm  Voi  which  is  connected  to  the  transfer 
bar  P,  The  operation  of  shifting  the  feeder^  from  the  main  'bus 
bar  F  to  the  auxiliary  E^  when  its  load  becomes  large,  is  as  follows  : 
The  feeder  B  is  connected  to  the  transfer  bar  at  P,  the  rheo- 


Digitized  by  VjOOQIC 


66 


ELECTRIC  LIGHTING, 


Stat  V  being  previously  open  circuited.  The  arm  V  is  then  moved 
clockwise  until  it  comes  in  contact  with  the  extremity  of  the 
resistance.  This  connects  the  feeder  B  with  the  auxiliary  bar  E 
through  the  whole  of  the  resistance,  and  allows  a  certain  current 
to  flow  from  E  into  B^  the  former  having  a  higher  potential  than 
F^  to  which  B  still  remains  connected.  The  resistance  is  then 
gradually  cut  out  by  the  further  movement  of  the  arm  V  until 
the  current  supplied  from  the  auxiliary  E  to  the  feeder  B  is  equal 
to  the  load  carried  by  the  latter,  when  the  connection  between  B 
and  the  main  'bus  bar  F  is  opened.  The  remainder  of  the  resis- 
tance is  then  cut  out,  which  directly  connects  the  feeder  B  with 
the  auxiliary  bar  Ey  the  transfer  having  been  made  without  any 
disturbance   of   the  system.      In   performing  this  operation  the 
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Fig.  38.    Feeder  Regulation  with  Transfer  'Bus  Bar. 

amounts  of  current  may  be  ascertained  by  having  an  amperemeter 
inserted  between  the  rheostat  and  E  in  addition  to  the  ampere- 
meter that  should  always  be  placed  in  circuit  with  each  feeder. 
The  difference  of  potential  between  the  feeders,  'bus  bars,  etc., 
should  also  be  indicated  by  voltmeters.  The  necessary  instru- 
ments are  assumed  to  be  present  in  every  case,  but  are  omitted 
from  the  diagrams  to  avoid  confusion,  as  they  perform  no  active 
part  in  the  operation  of  the  system,  their  only  function  being  to 
give  information. 

Where  two  or  more  feeders  run  to  the  same  mains,  one  of  them 
may  be  transferred  from  one  'bus  bar  to  another  by  simply  open- 
ing the  switch  connecting  it  with  one  bar  and  closing  an  instant 
later  the  switch  that  connects  it  to  the  other.  Both  switches 
must  never  be  closed  at  the  same  time,  as  it  would  short-circuit 
the  potential  difference  between  the  two  'bus  bars.  The  drop  on 
a  feeder  being  usually  only  a  few  volts,  its  circuit  may  be  opened 
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with  practically  no  greater  flash  than  is  produced  by  any  other  cir- 
cuit having  a  voltage  equal  to  this  drop,  provided  the  remaining 
feeders  and  the  mains  are  sufficient  to  carry  the  current  without 
materially  increasing  the  fall  of  potential  upon  them. 

Feeder  Regulation  by  Means  of  <'  Boosters  "  is  represented  in 
Fig.  39,  in  which  D  is  the  main  dynamo  generating  the  greater,  part 
of  the  electrical  energy,  and  R  and  S  are  two  small  auxiliary  dyna- 
mos called  "  boosters,"  connected  in  series  with  the  dynamo  D  and 
the  two  feeders  A  and  B  respectively.  Assuming  that  the  main 
dynamo  D  generates  a  constant  voltage,  the  variation  in  pressure 
required  to  regulate  the  feeders  in  accordance  with  the  changing 
loads  upon  them  is  obtained  by  controlling  the  potential  of  the 
boosters  R  and  S.  This  is  usually  accomplished  by  exciting  the 
field  magnets  of  the  boosters  from  the  dynamo  A  a  rheostat  being 
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r/9.  39.    f99aw  Regulatfon  by  iMons  of  "Boott9ra." 

inserted  in  each  field  circuit.  Another  plan  is  to  provide  the 
boosters  with  series-wound  field  magnets,  in  which  case  the  voltage 
generated  by  each  increases  with  the  current  flowing  through  it. 
With  field  magnets  designed  to  work  below  magnetic  saturation, 
this  gives  an  automatic  regulation  that  is  almost  perfect ;  since  the 
extra  pressure  produced  by  the  booster  may  be  made  to  exactly 
overcome  the  drop  on  the  corresponding  feeder  for  all  loads,  or  it 
may  be  designed  to  also  make  up  for  some  or  all  of  the  drop  on 
the  mains  and  leads.  The  principle  of  this  last-described  method 
is  quite  similar  to  that  of  compound-wound  dynamos ;  but  it  acts? 
upon  the  feeders  individually,  instead  of  upon  the  system  as  a 
whole.  It  corresponds  to  a  case  where  each  feeder  is  supplied 
by  its  own  compound  generator,  which  is  a  possible  but  hardly 
practicable  arrangement  with  a  large  number  of  feeders,  twenty 
or  thirty  being  an  ordinary  number.  In  any  system  the  main 
generator  and  the  boosters  may  all  be  driven  by  one  or  more 
steam-engines  or  other  prime  movers,   or  the  boosters  may  be 
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operated  by  electric  motors  supplied  with  current  from  the  main 
dynamos. 

Similar  machines  are  sometimes  used  to  reduce  or  "  crush  "  the 
voltage  instead  of  raising  it,  in  which  case  the  main  dynamo  may 
be  run  at  the  average  pressure  required  by  the  feeders,  the  poten- 
tial in  those  that  are  heavily  loaded  being  increased,  and  being 
depressed  in  the  lightly  loaded  ones.  A  "crusher"  which  lowers 
the  voltage  by  generating  a  counter  E,M,F,  acts  as  a  motor,  and 
tends  to  develop  power;  consequently,  if  it  is  coupled  with  a 
booster,  it  will  drive  the  latter  as  a  dynamo,  provided  that  the 
energy  absorbed  by  the  former  is  slightly  greater  thap  that  pro- 
duced by  the  latter,  in  order  to  make  up  for  mechanical  and  elec- 
trical losses  in  both  machines.  By  thus  arranging  the  machines 
in  pairs,  they  run  each  other,  and  no  external  driving-power  is 
needed. 

Instead  of  having  a  separate  booster  for  each  feeder,  as  in- 
dicated in  Fig.  39,  two  or  more  feeders  requiring  approximately 
equal  voltages  may  be  supplied  from  the  same  booster.  In  this 
way  a  large  number  of  feeders  may  be  regulated  with  only  a  few 
boosters,  which  are  run  at  different  potentials,  the  feeders  being 
divided  among  them  according  to  the  extra  pressure  required. 
This  is  practically  equivalent  to  a  system  having  several  auxiliary 
'bus  bars  supplied  with  different  voltages.  In  Fig.  37,  for  exam- 
ple, the  dynamo  C  might  be  omitted,  and  the  higher  voltage 
required  for  the  auxiliary  bus  'bar  E  could  be  obtained  by  connect- 
ing a  booster  between  E  and  F.  This  is  often  preferable ;  since 
it  would  only  be  necessary  to  run  one  main  dynamo,  the  booster 
being  driven  by  a  motor  fed  with  current  from  the  dynamo. 

The  arrangement  represented  in  Fig.  40  combines  several  of 
the  methods  of  feeder  regulation  already  described.  The  genera- 
tors Cand  D  operating  in  parallel  are  connected  to  the  'bus  bars 
F  and  Hy  to  which  they  supply  the  ordinary  voltage  required  by 
the  feeders.  The  conductor  E,  called  the  high  auxiliary  'bus  bar, 
is  maintained  at  a  higher  potential  than  F  by  means  of  the  booster 
A,  The  conductor  G  receives  its  current  from  the  main  'bus  F 
through  the  resistance  B^  consequently  its  pressure  is  less  than 
that  of  F\  and  it  is  designated  as  the  low  auxiliary  'bus  bar. 
The  feeders  y,  Ky  and  L  are  connected  to  Ey  F,  or  G  according  to 
the  voltage  that  they  require,  the.  longest  and  most  heavily  loaded 
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being  fed  by  the  high  auxiliary  Ey  which  is  often  10  or  20  per 
cent  and  sometimes  40  or  60  per  cent  higher  in  pressure  than  the 
main  'bus  F,  The  amount  of  this  extra  voltage  is  regulated  by 
means  of  a  rheostat  in  the  field  circuit  of  the  booster  A^  usually 
excited  from  the  'bus  bars  F  and  //".  If  the  dynamo  C  be  con- 
nected to  E  and  not  to  Fy  the  higher  pressure  may  be  generated 
by  it,  and  the  booster  A  can  be  dispensed  with,  as  already  shown 
in  Fig.  37 ;  but  it  is  often  more  convenient  to  operate  all  the  main 
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F\g.  40.    Feeder  Regulation  by  a  Combination  of  Methode. 

generators  in  parallel  on  the  same  pair  of  'bus  bars,  and  obtain  the 
higher  and  lower  potentials,  if  required,  by  means  of  boosters  and 
resistances.  The  latter,  on  account  of  their  simplicity,  are  applic- 
able when  the  differences  in  pressure  are  small,  the  voltage  of  the 
low  auxiliary  'bus  G  in  Fig.  40  being  between  6  and  10  per  cent 
less  than  that  of  F,  for  example.  But  with  greater  reductions  the 
loss  of  energy  becomes  too  large  an  item,  and  it  is  more  econom- 
ical either  to  run  another  generator  or  a  "  crusher  "  (with  counter 
E.M.F^  to  supply  G. 
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CHAPTER   IV. 

THRITB  AND   FIVE  WIRXS  ST'STBMS   OF  DISTRIBUTION. 

The  three-wire  system,  which  was  independently  invented  by 
Edison  and  Hopkinson,  has  for  its  object  the  saving  of  copper  in 
distributing  conductors.  From  the  first  introduction  of  electric 
lighting  until  about  1897,  it  was  not  considered  practicable  to  use 
incandescent  lamps  designed  for  a  pressure  higher  than  120  volts. 
This  limited  the  potential  at  which  parallel  systems  were  operated, 
and  demanded  conductors  of  large  size  and  weight,  particularly 
when  the  current  is  transmitted  any  considerable  distance,  as 
already  shown  in  the  examples  given.  When  it  is  attempted  to 
supply  incandescent  lamps  in  series,  difficulties  immediately  arise, 
due  to  the  dangers  of  high  potential,  the  interference  between  the 
lamps,  and  the  imperfection  of  regulation,  all  of  which  were  noted 
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Fig^  41  and  42.    Evolution  of  the  Three-Wtre  Sytiem. 

in  Chapter  II.  The  principle  of  the  three-wire  arrangement  may 
be  understood  by  first  considering  two  entirely  distinct  two-wire 
circuits,  as  represented  in  Fig.  41.  If  the  lamps  L  and  iV  happen 
to  be  placed  in  the  manner  shown,  it  is  evident  that  they  may  be 
connected  in  series  of  two  each,  as  illustrated  in  Fig.  42,  in  which 
case  the  intermediate  wires  J  and  K  become  superfluous  and  are 
omitted.  But  when  one  of  the  lamps  is  turned  off  or  burned  out, 
its  companion  will  also  go  out ;  hence  a  third  wire,  indicated  in  Fig. 
48  by  a  line  marked  0,  is  extended  from  the  junction  between  the 
two  dynamos  C  and  D  in  order  to  avoid  the  difficulty.  This  allows 
any  number  of  the  lamps  to  be  disconnected  without  putting  out 
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those  which  remain.  The  extra  conductor  is  called  the  neutral 
wire,  and  is  usually  marked  0  or  ±,  the  latter  symbol  represent- 
ing the  fact  that  it  is  positive  with  respect  to  one  conductor  and 
negative  with  respect  to  the  other.  The  neutral  wire  carries  no 
current  if  the  system  is  exactly  "balanced"  (Fig.  43);  but  when 
the  amounts  of  current  on  the  two  sides  of  the  system  are  not  the 
same,  it  supplies  the  difference,  whatever  it  may  be,  as  represented 
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Figs.  43  and  44,    Thr—^Win  SyaUm, 

by  arrows  and   numbers  in   Figs.   44   and  45,  each   lamp  being 
assumed  to  take  one  ampere. 

It  should  be  observed  that  the  flow  of  current  may  be  opposite 
in  direction  in  different  parts  of  the  neutral  wire  (Fig.  44).  An- 
other peculiar  condition  in  three-wire  circuits  is  the  fact  that  the 
potential  at  certain  lamps  may  actually  be  higher  than  that  of  the 
dynamo  on  the  same  side  of  the  system.  This  is  demonstrated  in 
the  potential  diagram  (Fig.  46),  corresponding  to  the  arrangement 
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Plg9.  45  and  46,    Threm-Wire  Syatem. 

of  lamps  shown  in  Fig.  45.  Assuming  the  resistance  of  each  of 
the  three  wires  to  be  1  ohm,  the  drop  on  the  -f  conductor  between 
jR  and  Af  will  be  4  volts  with  a  current  of  4  amperes.  The  drop 
between  N  and  5  on  the  neutral  wire  will  be  3  volts,  since  3  am- 
peres flow  back  through  it.  With  a  potential  of  117  volts  at  each 
dynamo,  this  gives  110  volts  for  the  lamps  between  M  and  JV, 
The  drop  on  the  —  wire  between  P  and  7"  is  1  volt,  hence  the 
potential  of  the  point  P  is  1  volt  above  that  of  T]  but  as  iV  is  3 
volts  higher  in  potential  than  5,  it  follows  that  the  pressure  be- 
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tween  iV  and  P  is  2  volts  greater  than  that  delivered  at  vS  and  T 
by  the  dynamo  D.  Therefore  the  lamps  at  M  N  receive  7  volts  less 
pressure,  and  the  lamp  3X,  N  P  is  supplied  with  2  volts  more  pres- 
sure than  the  potential  difference  at  the  respective  generators. 
While  this  condition  is  possible,  it  is  not  likely  to  occur  in  practice, 
particularly  in  large  systems,  where  the  circuits  are  carefully  bal- 
anced. In  such  cases,  the  difference  in  the  total  load  on  the  two 
sides  of  the  system  is  often  as  small  as  2  or  3  per  cent. 

Advantages  and  Disadvantages  of  the  Three-Wire  System.  — 
The  sole  merit  of  this  arrangement  is  the  fact  that  it  saves  copper, 
the  amount  of  this  saving  being  determined  as  follows  :  — 

The  circuit  represented  in  Fig.  42  has  two  wires,  while  those 
in  Fig.  41  employ  four  ;  hence  the  former  requires  one-half  as  much 
copper  as  the  latter,  assuming  the  size  of  the  wires  to  be  the  same. 
Furthermore,  the  percentage  of  drop  in  Fig.  42  will  only  be  one- 
half  as  great  as  that  in  Fig.  41,  the  explanation  of  this  fact  being 
given  in  Figs.  47  and  48,  which  show  the  distribution  of  potential 
in  the  two  cases.  In  the  two-wire  circuits  (Figs.  41  and  47)  there 
will  be  a  drop  of  4  volts  on  each  wire,  assuming  4  amperes  of 
current  and  one  ohm  of  resistance  for  each  ;  and  the  lamps  will  re- 
ceive 106  volts  with  a  pressure  of  114  volts  at  the  dynamos,  the 
drop  being  i  H,  or  7  per  cent. 

The  lamps  on  the  three-wire  circuits  (Figs.  42  and  48)  receive 
110  volts  with  the  same  initial  potential,  i.e.,  114  volts,  the  drop 
being  only  ^\^  or  3.5  per  cent,  which  is  one-half  as  much  as  in  the 
previous  case.  It  follows,  therefore,  if  the  wires  in  P'ig.  42  have 
one-half  the  cross-section  of  those  in  Fig.  41,  that  the  percentage  of 
drop  will  be  the  same  for  both.  Consequently  Fig.  42  requires  one- 
half  as  many  conductors  of  one-half  the  size,  or  only  one-quarter 
as  much  copper,  as  Fig.  41  for  the  same  drop.  If  now  the  neutral 
conductor  in  the  three-wire  system  (Fig.  43)  be  made  the  same 
size  as  each  of  the  outside  wires,  the  weight  of  the  copper  will  be 
J  +  J  =  J  as  much  as  in  the  two- wire  circuits  (Fig.  41)  supplying 
the  same  number  of  lights  at  the  same  distance  with  equal  drop. 
Since  the  neutral  wire  usually  carries  only  a  small  current,  it  is 
often  made  (especially  in  feeders)  one-half  as  large  as  either  of  the 
outside  conductors,  in  which  case  the  weight  of  copper  becomes 
1%  that  demanded  by  the  two-wire  system. 

The  great  saving  in  copper,  amounting  ordinarily  to  J  or  62.5 
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per  cent,  is  considered  of  such  paramount  importance  that  the 
three-wire  system  is  usually  adopted  in  electric  lighting  for  low- 
tension  distribution  wherever  the  distances  are  considerable.  In 
the  case  of  low-tension  central  stations  this  custom  is  very  general^ 
and  even  for  large  isolated  plants  the  three-wire  system  is  often 
selected.  It  is  also  employed  in  many  instances  for  the  secondary 
wiring  in  alternating-current  distribution  with  transformers.  The 
object  in  all  cases  is  to  save  copper,  which  constitutes  such  a  large 
item  in  the  cost  of  nearly  all  electrical  installations. 

To  offset  this  advantage,  however,  the  three-wire  system  has 
the  following  disadvantages  :  — 

1.  It  is  usually  necessary  to  operate  at  least  two  dynamos  or 
other  sources  of  current. 

2.  It  is  necessary  to  lay  and  to  take  care  of  three  wires  instead 
of  two. 

3.  The  switches,  cut-outs,  measuring  instruments,  etc.,  are  also 
more  complicated. 

4.  The  saving  of  copper  stated,  assumes  that  the  neutral  wire 
carries  no  current. 

But  if  all  the  lamps  happen  to  be  in  use  on  one  side  of  the  sys- 
tem only,  the  copper  should  be  the  same  as  for  a  two-wire  circuit. 
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f70«.  47  and  48.    T/irem-Wire  System. 


Even  though  the  system  be  kept  balanced  as  carefully  as  possible, 
so  that  the  current  in  the  neutral  conductor  is  only  10  per  cent  of 
the  total,  the  saving  of  copper  would  be  reduced  from  62.5  to  about 
50  per  cent  for  the  same  actual  percentage  of  drop. 

5.  The  variation  in  potential  may  be  aggravated  by  the  increase 
that  sometimes  takes  place  (Fig.  46),  which  is  impossible  on  a 
two-wire  circuit. 

When  all  these  objections  are  considered,  it  is  somewhat  doubt- 
ful if  the  reduction  in  the  weight  of  copper  makes  up  for  them  in 
some  cases  where  the  three-wire  system  is  adopted.  There  is  a 
strong  tendency  on  the  part  of  the  purchaser,  consulting  engineer. 
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and  contractor  to  give  too  great  weight  to  the  matter  of  first  cost, 
and  too  little  heed  to  questions  of  convenience,  labor  involved,  lia- 
bility of  accidents,  and  many  other  factors  that  make  up  running 
expense.  The  three-wire  system  is  unquestionably  more  compli- 
cated and  difficult  to  install  or  operate,  and  it  should  not  be  selected 
unless  the  saving  that  it  secures  is  surely  sufficient  to  pay  for  these 
disadvantages.  For  low-tension  distribution  to  distances  of  a  mile 
it  has  been  considered  necessary  to  employ  it ;  but  for  isolated  plants, 
where  the  length  of  wires  is  only  a  few  hundred  feet,  its  superiority 
is  by  no  means  certain,  in  spite  of  the  very  powerful  argument 
which  may  be  based  upon  the  saving  of  copper. 

The  improvements  in  and  applications  of  220-volt  incandescent 
lamps  render  the  three-wire  system  considerably  less  important 
than  formerly,  since  it  enables  a  two-wire  circuit  to  be  operated  at 
220  volts,  the  copper  required  being  only  two-thirds  as  much  as 
for  the  ordinary  three-wire  system.  To  be  sure  the  latter  can  now 
be  run  at  440  volts,  giving  it  the  same  relative  advantage  as  before ; 
in  fact,  such  plants  are  now  being  installed  in  this  country  and 
abroad.  Many  five-wire  systems  are  being  changed  to  three-wire, 
with  220.volt  lamps. 

MODIFICATIONS  OF  THS  THREE -WIRE  SYSTEM. 

Three-wire  System  with  Double  Dynamo. — Various  arrange- 
ments have  been  used  or  proposed  as  substitutes  for  the  ordinary 
plan  of  using  two  generators.     One  of  these,  outlined  in  Fig.  49, 

employs  a  double  dynamo  Dy 
having  two  armature  windings 
upon  the  same  core,  connected 
to  two  separate  commutators 
CC,  This  double  generator  is 
used  in  the  same  manner  as 
the  two  generators  in  Fig.  43, 
Fig.  49.   nree-wfre  si^em  with  Double  ^nd  may  savc  floor-space  as  wcll 

as  the  trouble  of  running  two 
machines,  but  no  g^eat  advantage  is  secured. 

Bridge  Arrangement  of  Three-wire  System.  —  Probably  the  first 
method  of  operating  a  three-wire  circuit  by  means  of  a  single  gen- 
erator was  the  bridge  connection  devised  by  Edison.*     The  plan 

•  U.  S.  Patent  No.  343,017,  June  i,  1886. 
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is  indicated  in  Fig.  50,  and  consists  simply  in  connecting  a  resis- 
tance RR  across  the  outside  conductors  +  and  — ,  the  neutral 
wire  0  being  brought  to  a  point 
on  the  resistance  through  the 
movable  switch-arm  S.  The 
objections  to  this  method  are, 
first,  the  continuous  loss  of  en- 
ergy   that    occurs    through    the  ^'y-  ^-    ^'^*9^  Arrangement  of  Three-Wire 

resistance  RR^  and  second,  the  ''^  **"' 

fact  that  the  arm  5  must  be  adjusted  for  any  change  in  load,  in 

order  to  equalize  the  pressures  on  the  two  sides  of  the  circuit. 

Three-wire  System  with  Storage  Battery.  —  This  modification, 
illustrated  in  Fig.  51,  requires  only  a  single  dynamo,  Z>,  generating 
the  total  pressure  for  both  sides  of  the  system,  which  is  usually 
about  230  volts.  A  storage  battery,  AB^  is  connected  between  the 
two  outside  wires  +  and  — ,  the  neutral  wire  0  being  led  to  the 
middle  point  of  the  battery.  In  cases  where  it  is  advantageous  to 
employ  a  battery  to  equalize  the  load  on  the  engines,  or  for  other 
reasons,  this  plan  is  a  convenient  one,  since  it  only  necessitates 
the  running  of  one  dynamo.  The  potential  of  the  neutral  wire  0 
may  be  varied  to  make  up  for  differences  in  load  on  the  two  sides 
of  the  system  by  shifting  the  point  at  which  it  is  connected  to  the 
battery.  If  the  difference  of  potential  between  the  two  outside 
conductors  is  greater  than  the  E.M.F.  of  the  battery,  the  latter 
will  be  charged,  and  vice  versd,  the  same  as  in  a  two-wire  system. 
With  a  three-wire  circuit  it  is  also  possible  for  one  part,  A^  of  the 


"'^^  ^*'-^i^ 


Figs.  51  and  52.     Three- Wire  Systems. 

battery  to  be  discharging  while  the  other  part,  B,  is  charging. 
This  may  occur  if  there  are  a  great  many  lamps  on  the  +  side, 
and  very  few  on  the  —  side.  The  function  of  the  battery  is  to 
act  as  an  equalizer,  taking  or  giving  current,  as  required,  and  keep- 
ing the  potential  of  the  neutral  wire  approximately  half  way  be- 
tween the  potentials  of  the  +  and  —  conductors.  The  fall  in 
voltage  during  discharge  and  the  rise  during  charge,  amounting  ta 
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three-tenths  of  a  volt  or  more,  being  nearly  15  per  cent,  and  the 
difference  between  the  charging  and  discharging  pressures,  make 
it  necessary  to  employ  extra  cells  and  switching-devices,  or  means 
of  regulation,  such  as  are  described  in  Volume  I.,  page  397.  A 
differential  booster  may  also  be  used  to  automatically  generate  the 
extra  voltage  required  to  charge  the  battery. 

The  storage  battery  represented  in  Fig.  51  can  be  placed  at  a 
distance  from  the  generator,  and  connected  to  it  by  two  feeders, 
three  wires  being  required  only  for  the  local  distribution.  This 
arrangement  also  enables  the  current  on  the  feeders  to  be  made 
more  uniform,  the  battery  being  charged  during  periods  of  light 
load,  and  discharged  when  the  demands  for  current  are  great. 
This  permits  feeders  of  smaller  size  to  be  used,  and  also  reduces 
the  variations  in  load  on  the  generating  plant,  so  that  the  latter 
operates  more  efficiently,  and  can  be  designed  for  less  capacity 
than  the  maximum  load.  But  extra  expenses  for  attendance,  rent, 
etc.,  are  involved  at  the  sub-stations. 

Three-wire  System  with  Three-brush  Dynamo.  —  Fig.  52  indi- 
cates another  three-wire  arrangement  that  can  be  operated  with 
only  one  generator,  /?,  the  neutral  wire  being  connected  to  a  third 
brush,  Fy  placed  half  way  between  the  main  brushes  E  and  G,  to 

which  the  outside  wires  +  and 
—  are  respectively  attached. 
With  most  types  of  dynamo 
the  brush  F  would  spark  ex- 
cessively because  it  short-cir- 
cuits the  armature  coils  when 
they  are  generating  the  maxi- 
mum E,M.F,  There  are  sev- 
eral ways  to  avoid  this  difficulty, 
one  of  which  consists  in  employ- 
ing a  four-pole  dynamo,  shown 
in  Fig.  53,  having  two  adjacent  north  poles,  A^and  N,  the  other  two 
being  south  poles,  5  and  5.  The  machine  thus  becomes  in  effect 
a  bipolar  dynamo  with  each  pole  divided,  the  armature  coils  short- 
circuited  by  the  brush  F  being  in  the  space  between  the  two  halves 
5  and  S  of  the  south  pole,  where  they  generate  little  or  no  E,M,F. 
A  dynamo  to  be  used  in  this  way  requires  a  field-magnet  ring  of 
sufficient  cross-section  between  the  N  and  5  poles  (i.e.,  at  the  top 


Fig.  53.    Three- W!re  System  with  One  Dynamo, 
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and  bottom  in  Fig.  53)  to  carry  the  total  magnetic  flux  of  one  field 
core.  In  an  ordinary  multipolar  machine  with  alternate  N  and  5 
poles,  this  ring  need  have  only  one-half  as  much  sectional  area. 
Since  practically  no  flux  passes  through  the  two  sides  of  the  field 
ring  they  might  be  greatly  reduced  in  size,  but  this  is  limited  by 
considerations  of  strength  and  appearance.  The  radial  depth  of 
the  armature  core  must  also  be  sufficient  for  the  total  flux  of  one 
field  core.  The  extra  quantity  and  less  favorable  disposition  of 
material  in  the  generator  is  not  a  very  serious  matter,  however ; 
and  this  plan  of  operating  a  three-wire  system  would  often  be  a 
very  practical  and  convenient  one  for  small  plants. 

There  is,  however,  with  this  arrangement,  the  difficulty  that 
armature  reaction  tends  to  increase  the  flux  in  the  lower  5  pole, 
and  reduce  it  in  the  other,  hence  with  heavy  loads  the  voltage  on 
the  +  side  of  the  system  would  be  less  that  on  the  —  side.  This 
can  be  counteracted  by  compound  winding  on  the  upper  5  pole, 
and  differential  winding  on  the  lower  .9  pole.  Another  brush  could 
be  placed  between  the  two  N  poles,  and  connected  in  parallel  with 
F\  but  since  the  neutral  wire  only  carries  a  comparatively  small 
current,  one  brush  would  ordinarily  be  sufficient,  the  main  portion 
of  the  current  being  supplied  through  the  brushes  E  and  G, 

Dobrowolsky  Three-wire  System.  —  Another  method  of  operat- 
ing a  three-wire  system  by  means  of  a  single  dynamo  invented  by 


Flq.  64.    Dobrowolsky  System  with  Self-induction  Coil. 

von  Dolivo-Dobrowolsky  *  is  represented  diagrammatically  in  Fig. 
54.  It  consists  of  an  ordinary  direct  current  generator,  the  arma- 
ture A  and  pole  pieces  JV  and  5  of  which  are  shown.  A  self-induc- 
tion coil,  D,  is  connected  to  two  diametrically  opposite  points  of  the 
winding  of  the  armature  A.     The  coil  D  may  be  carried  by  and 

•  U.  S.  Patent,  No.  513,006,  Jan.  14,  1894. 
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revolve  with  the  armature  ;  but  in  the  construction  represented  it  is 
stationary,  being  connected  to  the  armature  winding  through  the 
brushes  CCy  rings  and  wires  JJ,  The  middle  point  of  the  self- 
induction  coil  D  is  connected  to  the  neutral  conductor  0  of  the 
three-wire  system,  the  outside  conductors  -f  and  —  being  supplied 
from  the  brushes  BB  in  the  usual  manner.  The  E,M.F  at  the 
terminals  of  the  coil  D  is  alternating ;  hence  the  latter,  on  account 
of  its  self-induction,  does  not  act  as  a  short-circuit  to  the  armature. 
Furthermore,  the  inductances  of  the  two  halves  of  the  coil  D  being 
equal,  the  potential  of  the  neutral  wire  0  is  kept  midway  between 
the  potentials  of  the  outside  wires  +  and  — .  When  the  two 
sides  of  the  system  are  unbalanced  in  load,  the  difference  in  cur- 
rent carried  in  one  direction  or  the  other  by  the  neutral  wire 
passes  freely  through  the  coil  Z?,  since  the  current  is  steady,  or 
varies  slowly,  and  is  therefore  unimpeded  by  the  self-induction.  It 
is  evident  that  the  ohmic  resistance  of  D  should  be  as  low  and  its 
self-induction  as  high  as  possible,  in  order  that  the  loss  of  energy 
and  the  difference  in  voltage  on  the  two  sides  of  the  system  shall 
be  as  small  as  possible  under  all  conditions. 

Three-wire  System  with  Auxiliary  Generator.  —  In  the  three- 
wire  system  represented  in  Fig.  55  the  neutral  wire  0  is  connected 


F\q8,  55  and  56.    Three-Wire  Systems, 

to  an  auxiliary  machine  H  which  supplies  a  potential  one-half  as 
great  as  that  of  the  main  dynamo  D.  The  machine  H  acts  as  a 
generator  when  the  —  side  requires  more  current  than  the  -f  side, 
but  it  runs  as  a  motor  when  the  current  on  the  -f  side  is  greater. 
Hence  it  should  be  belted  to  or  directly  coupled  with  the  dynamo 
D,  in  order  to  save  its  power  when  acting  as  a  motor.  The  machine 
//,  being  intended  to  carry  only  the  difference  between  the  cur- 
rents on  the  two  sides  of  the  system,  may  have  only  5  or  10  per 
cent  of  the  capacity  of  the  dynamo  D,  This  is  sufficient  as  long 
as  the  sides  are  fairly  well  balanced,  but  is  entirely  inadequate  if 
the  difference  becomes  great,  which  may  easily  occur  by  accident. 
The  ordinary  three-wire  arrangement,  or  that  shown  in  Fig.  52, 
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has  the  advantage  of  being  able  to  operate,  if  necessary,  with  a  full 
load  on  one  side  and  none  on  the  other,  which  might  occur  if  there 
was  an  open  circuit  on  one  of  the  outside  wires,  due  to  the  blowing 
of  a  fuse  or  to  some  other  cause. 

The  same  statements  apply  to  the  storage  battery  in  Fig.  51, 
which  may  be  designed  to  have  a  capacity  equal  to  the  full  load  or 
only  a  fraction  of  it. 

Three-wire  System  with  "  Compensators  *•  is  represented  in 
Fig.  56,  in  which  the  two  auxiliary  machines  J/ and  iV  are  mechani- 
cally coupled  together,  and  each  generates  one-half  as  much  pressure 
as  the  main  dynamo  Z>.  These  machines  are  called  compensators  or 
eqtuilisersy  and  serve  to  equalize  the  pressure  and  load,  the  one  on 
the  more  lightly  loaded  side  running  as  a  motor,  and  driving  the 
other  as  dynamo.  Hence  they  are  capable  of  operating  with  a  dif- 
ference in  power  on  the  two  sides  of  the  circuit  equal  to  their 
combined  capacity.  When  the  system  is  perfectly  balanced,  both 
machines  run  as  motors  without  load,  and  consume  very  little 
energy. 

This  combination  involves  three  machines  in  place  of  the  two 
dynamos  required  in  the  ordinary  three-wire  system ;  nevertheless, 
it  is  very  commonly  and  successfully  used,  being  in  many  cases 
decidedly  preferable.  The  two  machines  M  and  N  are  entirely 
self-acting,  driving  each  other  mechanically  and  maintaining  equal 
voltages,  with  very  little  attention  or  likelihood  of  trouble.  They 
are  in  most  cases  more  easily  operated  than  a  second  dynamo,  and 
the  friction  as  well  as  other  losses  are  usually  less. 

If  both  armature  windings  are  upon  the  same  core,  armature 
reaction  is  neutralized,  and  the  tendency  to  sparkling  greatly  re- 
duced. A  still  more  important  advantage  is  the  fact  that  the 
double  machine  MN  can  be  placed  at  any  desired  distance  from 
the  generating  plant  and  connected  to  it  by  two  feeders,  three  wires 
being  required  only  for  the  local  distribution,  as  already  stated  in 
reference  to  Fig.  51.  It  is  also  possible  to  run  a  "booster"  or 
small  auxiliary  dynamo  by  means  of  the  compensating  machines 
M  and  N^  in  order  to  raise  the  pressure  of  the  circuit  a  certain 
amount,  and  make  up  for  drop  on  the  conductors.  An  arrangement 
of  this  kind,  illustrated  in  Fig.  67,  requires  only  one  "  booster,"  B^ 
for  both  sides  of  the  system.  The  compensating  machines  M  and 
iVare  connected  to  the  outside  conductors  at  the  points  R  and  5 
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beyond  the  booster  B^  and  therefore  have  the  increased  difference 
of  potential,  which  they  subdivide  in  two  equal  parts  for  the  two 
sides  of  the  system.  The  three  machines  B^  J/,  and  iVare  me- 
chanically cofinected  together  by  direct  coupling  or  belting. 

The  field  mdgnets  in  Figs.  55,  56,  and  57  may  all  be  excited 
by  simple  shunt  winding  connected  to  the  brushes  of  each  machine 
respectively.  It  is  preferable,  however,  to  feed  all  the  field  coils 
from  the  main  current  supplied  by  the  generator  Z>,  since  that 
makes  each  machine  less  likely  to  aggravate  variations  that  occur 
in  its  own  portion  of  the  circuit.  The  shunt  coils  of  the  compen- 
sators MN  in  Figs.  56  and  57  may  be  connected  in  parallel  or  in 
series  to  the  outside  wires  +  and  — .    The  field  coils  of  the  booster 


S 

Fig,  57,    Three^Wire  System  with  Oompensatw  and  Boaster. 

B  in  Fig.  57  may  also  be  fed  from  the  main  conductors  +  and  — , 
in  which  case  its  voltage  would  be  regulated  by  hand,  using  a  varia- 
ble resistance  in  the  field  circuit.  If,  however,  it  were  provided 
with  a  series  winding  through  which  the  main  current  of  the  + 
conductor  passed,  the  extra  pressure  produced  by  it  would  auto- 
matically increase  with  the  current  as  described  in  reference  to 
feeder  regulation  in  Fig.  39. 

If  the  strength  of  the  fields  in  the  machines  M  and  JV  (Figs 
66  and  57)  are  capable  of  being  independently  regulated,  the  vol- 
tages on  either  side  of  the  system  may  be  varied  to  make  up  for 
differences  in  load,  the  pressure  being  made  somewhat  higher  on 
the  more  heavily  loaded  side  to  counterbalance  the  greater  drop 
on  the  conductors.  This  regulation  can  be  made  automatic  by  the 
arrangement  represented  in  Fig.  58.  The  main  generator  D  is 
assumed  to  be  sufficiently  over-compound  wound  to  make  up  for 
the  total  drop  on  the  conductors.     Additional  control  of  the  vol- 
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tage  may  be  obtained  by  adjusting  the  variable  resistance  R  in 
the  shunt  field  circuit.  The  compensating  machines  M  and  N^ 
mechanically  coupled  as  before,  are  also  compound  wound.  The 
effect  of  the  series  field-coils  P  is  to  cause  the  machine  on  the  heav- 
ily loaded  side  to  produce  a  higher  voltage,  and  the  one  on  the 
more  lightly  loaded  side  a  lower  voltage,  whereby  the  difference 
in  drop  is  equalized.  Assuming  three  lamps,  each  taking  one  am- 
pere on  the  -h  side  and  one  lamp  on  the  —  side,  the  dynamo  D 
will  supply  two  amperes,  as  indicated  by  arrows  and  figures,  the 
machine  M  will  generate  one  ampere  additional,  being  driven  by 
the  machine  N  acting  as  motor,  and  using  one  ampere.  The  cur- 
rent in  the  series  field-coils  P  increases  the  E.M.F.  of  M,  and 


Fig.  56.     Three-Wire  System  with  Compound-Wound  Boosters. 

decreases  the  counter  E.M.F,  of  N,  since  it  flows  in  a  reverse 
direction  in  the  latter ;  hence  the  difference  in  drop  on  the  wires 
between  the  compensator  MN  and  the  lamps  may  be  equalized 
provided  the  compound  winding  is  properly  proportioned. 

Conversion  from  Three-  to  Two-wire  System.  —  A  three-wire 
system  of  conductors  can  readily  be  connected  so  that  it  may  be 
used  as  an  ordinary  two-wire  circuit.  For  this  purpose  the  two  out- 
side wires  are  connected  to  one  terminal,  and  the  middle  wire  to 
the  other  terminal  of  the  generator,  as  represented  in  Fig.  59.  The 
lamps  are  fed  between  the  middle  conductor  and  either  of  the 
others,  but  the  direction  of  rurrent  is  reversed  in  all  of  those  that 
are  on  one  side  of  the  system.  This  makes  no  difference  in  the 
operation  of  incandescent  lamps,  but  would  require  the  connec- 
tion of  arc  lamps  to  be  reversed,  the  same  being  true  of  storage 
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batteries,  electroplating  cells,  or  other  electro-chemical  apparatus 
that  may  be  on  that  side  of  the  system.  Some  forms  of  meters, 
and  other  measuring  instruments,  would  also  be  reversed  in  action. 
Motors  running  on  either  side  of  the  circuit  would  not  be  affected, 
since  the  direction  of  rotation  is  not  changed  by  reversing  the  cur- 
rent in  both  armature  and  field  coils.  But  a  motor  or  other  device 
connected  across  the  outside  wires,  which  is  the  usual  arrangement 
for  the  former,  would  receive  no  current,  because  these  wires  are 
of  practically  the  same  potential  when  used  in  this  way. 

The  drop  on  the  conductors  is  greatly  increased  by  conversion 
to  the  two-wire  arrangement.  In  a  perfectly  balanced  three-wire 
system  there  is  practically  no  current  or  drop  on  the  middle  wire ; 
but  when  used  as  a  two-wire  circuit,  the  current  and  drop  on  this 

conductor    is   twice    that    in 
+  % T T T +        either   of  the  others,   conse- 


quently  the  total  drop  is 
three  times  as  great  as  be- 
fore.    This  assumes  that  the 


Fig,  59.    (inversion  from  nree^Wire  to  j^id^le    ^i^e     is    the    Same    in 

Two-Wire  Syatem. 

size  as  either  of  the  others. 
If  it  is  only  one-half  as  large,  then  the  drop  in  it  would  be  four 
times  as  great  as  in  one  of  the  outer  conductors,  and  the  total 
drop  five  times  as  much  as  in  a  balanced  three-wire  system. 
There  is  also  danger  of  blowing  the  fuses  on  the  middle  wire,  or 
overheating  it,  unless  it  is  specially  designed  to  be  used  in  this  way. 
There  are  two  cases  in  which  the  conversion  from  the  three- 
to  the  two-wire  system  is  commonly  practiced.  First,  a  small 
station,  or  isolated  plant,  which  is  operated  on  the  three-wire  plan 
when  heavily  loaded,  and  on  the  two-wire  plan  for  light  loads,  one 
dynamo  being  sufficient  in  the  latter  case,  and  the  drop  on  the  con- 
ductor then  being  quite  small.  *  Second,  an  isolated  plant,  which  is 
supplied  by  its  own  generator  most  of  the  time,  but  is  connected 
to  the  three-wire  "  street  circuit  *'  (i.e.,  central  station  conductors) 
during  certain  portions  of  the  day  or  night,  or  in  case  its  machin- 
ery is  disabled.  On  account  of  the  latter  contingency  the  name 
"  breakdown  switch  "  is  applied  to  the  device  which  connects  the 
wiring  inside  the  building  with  the  outside  conductors.  This 
switch  may  be  so  made  that  it  simultaneously  opens  the  connec- 
tions with  the  local  generator. 
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The  general  arrangement  of  three-wire  feeders  and  mains  may 
be  made  substantially  the  same  as  already  described  for  the  two- 
wire  system,  the  same  methods  and  care  being  used  in  regulating 
the  voltage.  The  feeders  may  consist  of  three  conductors  of  the 
same  size ;  but  usually  the  neutral  feeder  is  made  i  or  J  as  large 
as  either  of  the  others,  and  if  storage  batteries  or  equalizing  ma- 
chines are  placed  at  the  outer  ends  of  the  feeders,  the  neutral  con- 
ductor may  be  omitted,  as  previously  explained  (Figs.  61  and  66). 
For  the  mains  and  leads  the  three  wires  are  generally  made  the 
same  in  size.  The  important  point  in  connection  with  the  three- 
wire  system  is  the  necessity  for  carefully  balancing  it ;  that  is, 
keeping  the  currents  on  the  two  sides  approximately  equal.  To 
accomplish  this  the  lamps  and  other  devices  requiring  current  are 
divided  between  the  two  sides  of  the  system,  so  that  the  loads  shall 
be  as  nearly  as  possible  the  same  for  full  capacity  or  any  fraction 
of  it.  For  this  reason  all  three  wires  should  be  carried  to  any  point 
where  energy  is  required,  unless  the  amount  is  extremely  small. 
This  applies  to  every  building,  even  though  it  contains  only  a  few 
lamps,  and  in  fact  to  almost  every  room  that  is  to  be  supplied  with 
current.  In  this  way  the  chance  of  having  any  considerable  differ- 
ence in  load  is  reduced  to  a  minimum. 

Nevertheless,  it  is  possible  that  a  great  many  lamps  might  hap- 
pen to  be  lighted  on  one  side  of  the  system  and  very  few  on  the 
other  side,  in  which  case  the  drop  in  voltage  would  have  about 
twice  its  normal  value  for  the  larger  number  of  lamps,  while  the 
pressure  might  be  raised  for  the  smaller  number,  as  already  ex- 
plained (Fig.  46).  The  likelihood  of  this  happening  is  small, 
however,  particularly  in  large  systems,  provided  the  lamps  are 
carefully  divided  in  wiring  them.  In  case  many  lamps  are  to  be 
lighted  at  the  same  time,  they  should  be  controlled  by  three-pole 
switches,  which  connect  them  to  the  two  sides  equally,  or  they 
should  be  divided  into  groups  that  are  thrown  on  the  sides  alter- 
nately. 

It  is  not  sufficient  in  a  three-wire  system  to  have  equal  num- 
bers of  lamps  on  the  two  sides,  they  must  also  be  distributed  in 
approximately  the  same  manner.  For  example,  with  a  group  of 
lamps  requiring  100  amperes  connected  between  the   H-   and  0 
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wires  at  one  point  and  an  equal  load  between  the  0  and  —  wires 
some  distance  away,  there  would  be  a  current  of  100  amperes 
flowing  on  the  0  wire  between  those  points.  This  involves  con- 
siderable extra  drop,  although  the  system  would  appear  at  the  gen- 
erating station  to  be  perfectly  balanced.  In  practice  this  local 
unbalancing  of  the  three-wire  system  is  one  of  the  chief  causes 
of  variations  in  voltage  upon  it,  and  should  be  made  as  small  as 
possible  by  carefully  distributing  the  load  on  both  sides  of  the 
system.  It  is  this  fact  which  renders  it  desirable  to  carry  all  three 
wires  to  almost  every  place  where  current  is  required,  even  though 
a  fair  balance  in  the  total  load  might  be  obtained  by  supplying 
buildings  alternately  from  the  two  sides  of  the  system. 

Grounding  the  Neutral  Conductor.  —  A  question  that  has  aroused 
much  discussion  is  the  advisability  of  purposely  grounding  the 
neutral  conductor  of  a  three-wire  system.  The  two  principal  ar- 
guments in  favor  of  this  plan  are :  First,  it  practically  limits  the 
potential  between  any  point  on  the  system  and  the  earth  to  about 
110  volts ;  second,  it  reduces  the  drop  on  the  neutral  conductor, 
since  the  current  can  also  flow  through  the  earth.  In  regard  to 
the  first  of  these  reasons,  it  is  a  fact  that  the  potential  of  the  posi- 
tive wire  may  rise  to  220  volts  if  the  negative  wire  becomes 
grounded,  or  vice  versd  when  the  neutral  wire  is  insulated.  But 
it  can  hardly  be  said  that  trouble  would  be  avoided  if  the  neutral 
were  grounded,  as  an  accidental  ground  connection  on  either  of 
the  other  sides  would  make  a  short-circuit  and  blow  the  fuse, 
thus  putting  out  the  lamps  on  that  portion  of  the  circuit.  To  be 
sure  this  locates  the  trouble,  and  calls  for  immediate  attention, 
which  may  be  a  simple,  but  is  also  a  crude  way  to  keep  the  cir- 
cuits clear  of  faults.  If  an  accidental  ground  connection  exists 
on  one  of  the  conductors  when  the  neutral  wire  is  not  grounded, 
no  trouble  results  until  another  ground  occurs  on  one  of  the  other 
two  conductors.  In  the  meantime  an  opportunity  is  afforded  to 
correct  the  fault  before  any  interruption  of  service  or  difficulty  of 
any  kind  is  experienced. 

Unfortunately  it  is  very  troublesome  to  detect  and  locate  a 
ground  connection  even  on  a  two-wire  circuit,  and  still  more  so 
with  three  wires.  Nevertheless,  there  are  methods  which  will  ac- 
complish this  result ;  and  if  these  were  more  generally  used,  they 
would  be  found  to  afford    reasonably  j)ractical   and  convenient 
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means  of  taking  care  of  three-wire  systems.  But  these  methods 
fail ;  in  fact,  the  problem  is  practically  impossible  to  solve  if  the 
neutral  wire  is  grounded.  This  matter  will  be  discussed  further 
in  the  chapter  on  Detecting  and  Locating  Faults. 

Regarding  the  second  advantage  of  grounding  the  neutral  con- 
ductor, it  may  be  said  that  it  is  well  enough  to  use  the  earth  to  re- 
enforce  the  conductance  of  the  circuit,  provided  no  serious  difficulty 
results.  But  it  is  found  that  great  damage  is  done  by  electrolytic 
action  on  gas,  water,  and  other  kinds  of  pipes,  if  large  currents  are 
allowed  to  flow  promiscuously  through  the  earth.  In  the  case  of 
electric  railways  with  overhead  trolleys,  it  is  necessary  to  allow  the 
current  to  pass  into  the  track,  or  else  adopt  the  double-trolley  sys-» 
tem,  which  is  complicated,  and  not  considered  practicable  for  general 
use.  But  even  for  the  trolley  system  the  tendency  is  to  demand 
more  perfect  bonding  of  the  rails,  and  the  use  of  return  feeders  to 
reduce  the  stray  currents.  In  electric  lighting  there  is  no  neces- 
sity for  intentionally  grounding  the  circuit  or  any  portion  of  it,  but 
it  is  generally  recommended  for  the  secondary  circuit  of  a  trans- 
former, as  a  safeguard  in  case  the  high-tension  primary  circuit 
accidentally  connects  with  the  secondary. 

Insurance  and  fire  department  authorities  have  been  vigorously 
opposed  to  grounding  the  neutral  of  a  three-wire  system,  or,  in  fact, 
any  part  of  an  electrical  circuit,  their  experience  having  led  them 
to  believe  that  it  is  the  source  of  danger  and  trouble.  This  prac- 
tice is  not  so  strongly  opposed  at  present,  and  is  being  more  gen- 
erally adopted,  as  nearly  all  central  station  officers  would  prefer  to 
ground  the  neutral  conductors. 

Peculiar  Conditions  on  a  Three-wire  System.  —  The  following 
•cases  may  occur  : — 

1.  The  dynamo  or  dynamos  on  one  side  of  the  system  may  be 
accidentally  reversed,  so  that  both  of  the  outside  wires  are  positive 
or  both  negative.  In  that  case  a  motor  or  other  device  fed  by  the 
two  outside  conductors  will  receive  no  current ;  but  lamps,  etc.,  con- 
nected between  the  neutral  and  either  of  the  outside  wires,  will  have 
the  usual  voltage,  which  will  be  reversed  on  one  side. 

2.  If  one  of  the  outside  wires  is  open  at  B^  Fig.  60,  due  to  the 
blowing  of  a  fuse  or  other  cause,  a  motor,  M  (220-volt),  beyond 
the  break  B^  will  receive  some  current  at  110  ^olts  through  any 
lamps  L  that  may  be  on  the  same  side  of  the  break  as  the  motor, 
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and  on  the  same  side  of  the  system  as  the  break.  These  lamps 
will  light  up  when  the  motor  is  connected,  but  the  latter  will  have 
comparatively  little  power. 

3.    If  the  neutral  wire  is  open,  a  motor  or  other  device  con- 
nected to  the  outside  wires  will  act  as  usual,  but  lamps  on  one  side 


P 

_i 

Q" 

Figs.  60  and  61,    Peculiar  Conditions  on  Tiiree-Wire  System. 

of  the  system  will  bum  more  brightly  than  those  on  the  other  side^ 
unless  the  two  sides  are  exactly  balanced. 

4.  If  one  of  the  outside  wires.  Fig.  61,  becomes  grounded  at 
P,  a  110-volt  lamp,  Z,  or  other  apparatus,  also  grounded  and  con- 
nected to  the  other  outside  wire,  will  receive  220  volts,  which  is 
likely  to  destroy  it. 

FIVE-WHUS  8TSTEH8. 

The  principle  of  the  three-wire  system  may  be  extended,  in  order 
to  effect  a  still  greater  saving  of  copper  in  electrical  distribution. 
It  would  be  possible,  for  example,  to  have  a  four-wire  system  re- 
quiring two-ninths  as  much  copper  as  an  equivalent  two-wire  cir- 
cuit ;  but,  for  reasons  to  be  given  later,  it  has  rarely,  if  ever,  been 
tried.  The  five-wire  system  is  employed  in  many  places  in  Europe,, 
but  has  not  been  introduced  to  any  extent  in  this  country.  It  may 
be  operated  with  four  dynamos,  C,  D,  E,  and  F,  as  represented  in 
Fig.  62 ;  but  the  arrangements  shown  in  Figs.  63  and  64  are  more 
common.  The  second  of  these  is  similar  to  the  three-wire  system 
illustrated  in  Fig.  56,  only  one  main  dynamo,  D,  being  required ; 
and  the  total  pressure  generated  by  it,  ordinarily  about  440  volts^ 
is  subdivided  by  the  four  small  equalizing  machines  or  compensa- 
tors, y,  K,  L,  and  M.  These  may  consist  of  four  separate  machines 
mechanically  connected  together,  or  they  may  be  made  with  all  of 
their  armature  windings  upon  the  same  core  and  acted  upon  by  one 
field  magnet,  in  order  to  neutralize  the  effects  of  armature  reaction. 
Fig.  63  shows  a  combination  similar  to  the  three-wire  system 
represented  in   Fig.  51,  a  battery,  A\  P,  Q,  R,  being  utilized  to 
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subdivide  the  voltage  of  the  main  dynamo  D,  The  conductors  are 
designated,  as  shown  in  Fig.  62,  the  two  extra  wires  being  called  the 
*'  positive  neutral "  ©  and  the  "  negative  neutral  "  ©  respectively. 
The  comparative  weight  of  copper  required  for  the  five-wire 
system  may  be  determined  by  reasoning  similar  to  that  used  in 
connection  with  the  three-wire  diagrams  (Figs.  47  and  48).  But 
it  can  be  arrived  at  more  simply  by  considering  that  the  current 
in  each  of  the  outside  wires  of  a  perfectly  balanced  five-wire  sys- 
tem is  one-quarter  as  much  as  in  a  two-wire  circuit  supplying  the 
same  number  of  lamps.  Hence  the  drop  is  only  one-quarter  as 
great,  assuming  the  conductors  to  be  of  the  same  size.  But  since 
with  five  wires  there  are  four  sets  of  lamps  in  series,  the  percentage 
of  drop  is  i  X  i  =  tV  as  much,  or  in  other  words,  each  conductor 
need  be  only  one-sixteenth  as  large  for  the  same  percentage  of 
drop.  Therefore  the  two  outside  conductors  of  the  five-wire  sys- 
tem weigh  one-sixteenth  as  much  as  those  of  an  equivalent  two- 
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Fig^  62  and  63.    Fioe-WIre  8y9tem$. 

wire  circuit,  and  the  five  conductors  weigh  f  X  tV  =  A  as  much,  if 
all  are  made  of  the  same  size.  By  making  each  of  the  three  in- 
termediate wires  one-half  as  large  as  each  of  the  outside  ones,  the 
total  weight  is  reduced  to  tV  +  I  X  gSf  —  /?,  or  less  than  one-eighth 
as  much  copper  as  the  two-wire  circuit  demands.  The  various 
results  that  have  been  obtained  may  be  recapitulated  as  follows  :  — 

COMPARATIVE   WEIGHTS   OF   COPPER   REQUIRED. 

Ordinary  two-wire  system i  .ooo 

Three-wire  system,  all  three  wires  of  same  size 375 

Three- wire  system,  neutral  one-half  size 313 

Four-wire  system,  all  four  wires  of  same  size 222 

Five-wire  system,  all  five  wires  of  same  size 156 

Five-wire  system,  three  inside  wires  one-half  size 109 

Seven-wire  system,  all  seven  wires  of  same  size 097 
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wire.  The  currents  from  H  2ind/  return  to  the  dynamo  D  by  the 
—  conductor  as  shown.  In  a  similar  manner  the  flow  of  current 
in  any  multiple-wire  system  may  be  determined,  no  matter  how 
large  or  how  small  the  loads  on  the  different  parts  may  be. 

The  next  step  is  to  determine  the  voltage  at  the  various  points, 
as  indicated  in  Figs.  66  and  67.  Let  us  first  consider  the  case 
(Fig.  66)  of  10  amperes  being  required  at  £,  with  no  current  used 
in  the  rest  of  the  system.  Assuming  each  conductor  to  have  one 
ohm  resistance,  the  drop  on  the  +  is  10  volts,  and  the  same  on  the 
©  wire,  so  that  the  lamps  receive  only  95  volts,  the  pressure  at 
the  dynamo  being  115  volts.  There  will  be  no  drop  on  any  of  the 
other  three  wires,  since  no  current  is  drawn  from  them.  It  is 
interesting  to  observe  that  the  potential  difference  between  the 
extremities  of  the  ©  and  O  wires  will  be  125  volts,  as  shown  in 
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Ftgs.  66  and  67.     Distribution  of  Potential  in  Fioe-Wire  Systems. 

Fig.  66.  If  three  other  groups  of  lamps  were  added,  so  that  10 
amperes  would  flow  directly  across  from  E  toy,  the.  total  drop 
would  be  20  volts  as  before,  10  volts  drop  being  transferred  from 
the  ©  to  the  —  wire,  and  each  group  would  receive  110  volts  in- 
stead of  95,  the  aggregate  number  of  lamps  being  four  times  as 
great.  This  brings  out  forcibly  the  advantage  of  a  perfectly  bal- 
anced five-wire  system  over  a  two-wire  circuit,  four  times  as  many 
lamps  being  supplied  with  one-quarter  as  much  drop  for  each. 

With  groups  of  lamps  placed  at  £,  F,  G,  H,  and  /  (Fig.  67 
corresponding  to  Fig.  65),  the  pressure  is  far  from  uniform,  al- 
though the  system  is  fairly  well  balanced  in  the  number  of  lamps, 
but  not  in  their  position.  This  potential  diagram  is  made  by  draw- 
ing from  the  five  points  marked  -f ,  ©,  O,  0,  and  —,  lines  repre- 
senting the  pressure   in  the   respective  conductors  and  portions 
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thereof.  By  comparing  Figs.  66  and  67  it  will  be  seen  that  the 
direction  of  these  lines  is  easily  and  definitely  determined,  the  drop 
or  slope  of  each  section  being  equal  to  its  resistance  multiplied  by 
the  current  flowing  in  it.  In  this  connection  it  should  be  noted 
that  the  current  in  each  group  of  lamps  has  been  assumed  to  be 
constant,  but  it  is  evident  that  the  group  at  y,  receiving  only  106 
volts,  will  take  less  current  than  those  at  ff,  where  the  pressure  is 
117.6  volts.  This  fact  might  be  allowed  for  by  modifying  the  val- 
ues of  the  current  in  proportion  to  the  voltage ;  but  the  resistance 
of  the  lamps  also  varies,  so  that  it  would  be  very  difficult  to  calcu- 
late the  current  that  each  group  would  take.  In  practice  conduc- 
tors are  designed  to  supply  a  given  current  at  a  certain  point ;  and 
slight  variations  in  current  due  to  changes  in  resistance,  working 
conditions,  etc.,  are  not  usually  considered. 

This  may  appear  to  be  a  somewhat  rough  method,  but  is  not 
only  justifiable,  but  practically  unavoidable.  In  electric  railway 
work,  for  example,  the  current  required  by  a  car  varies  greatly  with 
the  speed,  grade,  condition  of  track,  load  on  the  car,  etc.  Hence 
the  only  practicable  plan  is  to  assume  a  certain  average  current,  or 
a  certain  maximum  current,  in  designing  the  generating  plant,  con- 
ductors, etc.  The  average  current  corresponds  to  the  ordinary 
working  conditions,  and  the  maximum  current  to  the  greatest  pos- 
sible requirements.  The  same  is  true  for  electric  lighting,  in 
which  variations  in  the  resistance  of  lamps  are  far  less  important 
than  the  changes  in  the  number  of  lamps  which  are  continually 
being  made. 

In  practice  the  electric-light  engineer  considers  the  initial 
voltage  at  the  generators,  the  resistance  and  current  in  each  portion 
of  the  conductors  which  ^gives  the  drop^  the  latter  subtracted  from 
the  initial  voltage  gives  the  pressure  at  the  lamps.  It  would  be  an 
easy  matter  to  calculate  the  resistance  of  the  lamps  by  dividing  the 
pressure  they  receive  by  the  current  flowing  through  them  ;  but  as 
a  matter  of  fact  one  rarely,  if  ever,  does  this.  It  is  only  the  inex- 
perienced student  who  attempts  to  apply  Ohm's  law  to  the  circuit 
as  a  whole.  The  practicing  engineer  confines  it  to  determining 
the  drop  on  the  conductors,  and  usually  considers  one  portion  at  a 
time,  the  drop  in  each  being  equal  to  its  resistance  multiplied  by 
the  current  carried  by  it.  The  same  is  true  in  power  transmission 
and  distribution,  including  electric  railway  work.      In  fact  it  is 
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practically  impossible  to  predetermine  the  resistance  of  the  whole 
circuit  except  in  very  simple  cases. 

The  author  has  examined  five-wire  systems  in  successful  opera- 
tion on  a  large  scale  in  Paris  and  in  Manchester,  England.  The 
difficulties  encoimtered  are  not  serious,  and  are  apparently  not 
much  greater  than  with  three-wire  plants.  Nevertheless,  the  in- 
creased number  of  conductors  does  involve  more  complication  and 
possibility  of  accident.  In  the  future  the  three-wire  440-volt  sys- 
tem will  undoubtedly  be  selected  in  preference  to  five-wire  system. 

Seven-wire  System.  —  This  is  the  next  higher  multiple-wire 
system  that  would  be  used,  since  it  can  readily  be  divided  into  two 
four-wire  systems,  or  three  three-wire  systems,  in  order  to  supply 
current  to  individual  buildings  where  it  is  not  necessary  to  carry 
all  seven  conductors.  Neither  the  four-wire  nor  the  six-wire  sys- 
tems are  capable  of  being  conveniently  divided  into  equal  parts  in 
this  way ;  hence  they  are  not  to  be  recommended  for  adoption,  ex- 
cept perhaps  in  some  special  case.  The  seven-wire  system,  with 
all  conductors  of  the  same  size,  requires  0.0972,  or  a  little  less 
than  one-tenth  as  much  copper  as  an  equivalent  two-wire  circuit ; 
but  its  complication  is  so  great  as  to  make  it  of  very  questionable 
desirability.  Its  design  and  operation  would  be  similar  to  that  of 
the  three-  and  five-wire  systems  already  described. 
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CHAPTER  V. 

BIRECT  CURRENT  TRANSFORMER  8T8TEM8  OF  ELECTRICAL 

DI8TRIBX7TION. 

The  fact  that  electrical  energy  can  be  readily  transformed 
from  a  higher  to  a  lower  voltage,  or  vice  versa^  constitutes  one  of 
its  most  important  advantages,  and  enables  it  to  be  conveniently 
and  economically  transmitted  and  distributed.  The  most  promi- 
nent example  of  this  method  is  the  ordinary  alternating  current 
system,  in  which  a  high  pressure  of  a  thousand  volts  or  more,  gen- 
erated by  the  dynamos,  may  be  carried  by  small  wires  to  a  consid- 
erable distance,  and  there  transformed  to  a  low  voltage  that  is 
harmless  to  persons  and  adapted  to  supply  lamps,  etc. 

The  direct  current  can  also  be  transmitted  in  a  similar  manner, 
but  it  requires  rotary  machines  instead  of  the  simple  induction 
coils  or  "  static "  transformers  that  are  used  for  the  alternating 
current. 

Rotary  transformers  consist  of  a  motor  and  a  dynamo  combined,^ 
the  former  being  driven  by  the  current  from  the  main  or  primary 
circuity  and  the  latter  generating  the  current  for  the  secondary  cir- 
cuity by  which  the  lamps,  etc.,  are  supplied.  It  is  obvious  that  the 
dynamo  may  be  designed  to  produce  any  desired  voltage  without 
regard  to  that  of  the  primary  circuit.  But  in  every  case  the  watts 
— product  of  the  volts  and  amperes  —  are  less  in  the  secondary  cir- 
cuit by  an  amount  corresponding  to  the  frictional  and  other  losses 
which  necessarily  occur.  This  device  has  been  given  many  names, 
such  as  dynamotor,  motor-dynamo,  motor-transformer,  rotary-trans- 
former, motor-converter,  and  rotary  converter.  The  first  of  these 
has  the  advantage  of  being  a  single  word,  but  has  been  objected  to 
because  the  order  in  which  the  two  machines  work  is  inverted. 
This  is  not  a  serious  objection,  and  the  term  is  often  used,  being 
particularly  appropriate  to  the  construction  in  which  the  motor 
and  dynamo  are  incorporated  as  one  machine.  In  contradistinction 
the  name  motor-dynamo  may  be  applied  when  there  is  a  combina- 
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tion  of  two  machines.  The  word  transformer  has  been  almost  uni- 
versally adopted  for  the  induction  coil  or  static  transformer,  so  that 
the  term  converter,  which  was  formerly  applied  to  this  device,  is 
now  free  to  be  used  for  the  machine  in  which  alternating  are 
changed  into  direct  currents,  or  vice  versa,  in  the  same  armature 
winding  as  shown  in  Fig.  71. 

In  dynamotors  the  two  armature  windings  are  placed  upon 
the  same  core  and  are  acted  upon  by  the  same  field  magnet,  as 
illustrated  in  Fig.  68.  This  construction  secures  compactness,  and 
also  causes  the  armature  reaction  of  the  dynamo  to  practically 


Fig.  68.    Dynamotor,  with  Single  Field. 

neutralize  that  of  the  motor,  thereby  avoiding  sparking  and  other 
troubles.  But  it  is  open  to  the  objection  that  it  is  somewhat  diffi- 
cult to  insulate  the  two  windings  from  each  other,  and  absolutely 
prevent  the  high  voltage  of  one  from  breaking  through  to  the 
other.  Therefore  this  arrangement  is  not  desirable  where  there 
are  great  differences  in  potential  between  the  primary  and  second- 
ary circuits,  unless  special  precautions  are  taken.  Another  lim- 
itation of  this  construction  is  the  difficulty  of  acting  on  the  two 
armature  windings  independently  for  purposes  of  regulation.  Since 
both  are  wound  upon  the  same  core  and  are  under  the  influence  of 
the  same  field,  it  is  hardly  possible  to  change  the  speed,  magnetic 
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flux,  or  Other  conditions  of  one  with  respect  to  the  other.    In  other 
words,  the  ratio  of  conversion,  that  is,  the  relation  between  the 
primary  and  secondary  voltages,  is  practically  constant,  no  matter 
how  much  the  speed  or  flux  may  be  varied.    To  be  sure  the  differ- 
ence of  potential  between  the  secondary  brushes  may  be  decreased 
by  introducing  resistance  in  the  primary  circuit,  but  this  merely 
has  the  effect  of  reducing  the  available  voltage  supplied  to  the 
motor.     The  amount  of  this  reduction  is  the  drop  ^/^,  in  which 
/  is  the  primary  current  and  R  the  resistance  inserted.     A  corre- 
sponding decrease  in  voltage  is  produced  in  the  secondary  circuit, 
but  the  ratio  of  conversion  as  measured  at  the  brushes  remains 
substantially  unchanged.     Resistance  put  in  the  secondary  circuit 
will  have  a  similar  effect  in  decreasing  the  available  potential,  but 
in  either  case  the  loss  of  energy 
is  considerable,  its  value  in  watts 
being /^^.    The  so-called  "reg- 
ulation" is  also  seriously  inter- 
fered with  ;  that  is,  the  available 
secondary  voltage  varies  greatly 
with  changes  in  the   load,   be- 
cause any  alteration  in  the  cur- 
rent has  a  corresponding  effect 
on  the  drop  IR,      Such  a  vari-  «    ^    „    \    " 

^  Fig.  69.    Motor-Dynamo. 

ation  in  pressure  would  usually 

be  very  objectionable ;  in  electric  lighting,  for  example,  the  voltage 

would  fall  as  more  lamps  were  added  in  parallel. 

In  order  to  secure  independence  of  action  between  the  motor 
and  dynamo  portions  of  a  rotary  transformer,  the  two  armature 
windings  should  be  carried  by  separate  cores,  each  being  acted 
upon  by  its  own  field  magnet.  This  allows  the  field  of  the  dynamo 
to  be  independently  regulated,  in  order  to  vary  the  voltage  gener- 
ated. In  fact,  any  of  the  well-known  methods  of  dynamo  regula- 
tion may  be  employed.  For  example,  compound  or  over-compound 
winding  applied  to  the  dynamo  field  will  give  a  constant  or  a  rising 
pressure,  with  increase  of  current  in  the  secondary  circuit.  In 
these  cases  the  separate  armatures  may  be  mounted  upon  the  same 
shaft,  with  only  one  pair  of  bearings,  in  the  form  shown  in  Fig. 
69,  or  the  two  machines  may  be  arranged  upon  the  same  base  with 
an  intermediate  bearing,  as  represented  in  Fig.  70.     If  desired  two 
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entirely  distinct  machines  may  be  belted  or  directly  coupled  to- 
gether. In  fact,  almost  any  motor  and  dynamo  may  be  employed 
in  this  way,  provided  the  former  has  sufficient  power  to  drive  the 
latter,  and  the  mechanical  connection  is  arranged  to  give  the  proper 
speeds. 

It  is  evident  that  the  motor  of  a  rotary  transformer  may  be 
designed  to  operate  with  an  alternating  current,  and  the  dynamo 
to  generate  a  direct  current,  or  vice  versa,  in  order  to  convert  alter- 
nating to  direct  currents,  or  the  converse. 


Ftg.  70.    Motor-Dynamo. 

Still  another  type  is  the  rotary  converter,  in  which  the  same 
armature  winding  performs  both  the  motor  and  dynamo  functions. 
A  simple  form  of  this  machine,  shown  in  Fig.  71,  consists  of  a  ring 
armature,  diametrically  opposite  points  of  the  winding  being  re- 
spectively connected  to  two  collecting  rings.  When  the  armature 
is  supplied  with  direct  current  in  the  usual  way  by  the  brushes  H- 
and  — ,  it  will  revolve  as  a  motor,  and  an  alternating  current  may 
be  obtained  from  the  brushes  A  and  B.     This  action  can  be  easily 
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understood  when  it  is  considered  that,  at  the  time  indicated,  the 
outer  collecting  ring  is  connected  to  the  top  or  +  point  of  the 
winding,  and  the  inner  ring  to  the  bottom  or  —  point  of  the  wind- 
ing, hence  the  current  tends  to  flow  from  the  brush  B  to  the 
brush  A  \  but  when  the  armature  has  turned  through  180  degrees, 
or  half  a  revolution,  these  conditions  will  be  exactly  reversed,  and 
the  current  tends  to  flow  from  A  to  B,  Thus  it  is  seen  that  an 
armature  having  only  a  single  winding  may  be  fed  with  a  direct 
current,  and  will  give  out  an  alternating  current.  The  ratio  be- 
tween the  primary  and  secondary  voltages  is  practically  fixed  in 
this  form  of  converter,  since  the  maximum  value  of  the  alterna- 
ting E.M.F,  is  equal  to  the  voltage  of  the  direct  current,  as  is  evi- 
dent from  the  diagram.  With  a  true  sine  wave  the  effective  value 
of  the  alternating  E.M,F.  is  0.707  of  the  maximum  E,M.F, 

If  these  machines  are  used 
to  convert -alternating  to  direct 
current,  they  are  run  as  syn- 
chronous motors;  hence  they 
must  first  be  brought  up  in 
speed  by  some  extraneous 
power,  or  by  operating  them 
as  direct  current  motors,  until 
they  are  in  synchronism  with 
the  alternating  current  by 
which  they  are  to  be  operated. 

These  machines  are  capable  of  exciting  their  own  field  magnets 
by  the  direct  current  which  they  generate. 

By  tapping  the  direct  current  winding  at  three  or  four  points, 
machines  are  made  for  generating  or  utilizing  three-  or  two-phase 
alternating  currents  respectively. 

The  actions  of  these  machines  are  brought  out  in  a  paper  by 
Professor  R.  B.  Owens,  and  in  the  discussion  which  followed.* 

Direct  Current  Transformer  Systems  of  Distribution.  —  The 
usual  arrangement  of  rotary  transformers  in  electrical  distribution 
is  that  represented  in  Fig.  72,  being  analogous  to  the  ordinary 
alternating  current  system  with  static  transformers.  The  current 
produced  by  the  main  generator  G  is  carried  to  the  machines  by 
the  conductors  A  and  B^  to  which  the  motor  portions  M  of  the 

*  Trans.  Anur.  Inst,  EUc.  Eng.y  July,  1897. 


Fig.  71.    Alt9rnating-Dinct  Current  Conoerter, 
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rotary  transformers  are  connected  in  parallel.  These  motors  are 
provided  with  shunt  wound  field  coils  that  may  be  connected  to  the 
primary  or  to  the  secondary  circuit,  consequently  the  machines  run 
at  a  practically  constant  speed.  The  dynamo  portion  D  of  the 
transformers  are  connected  to  the  secondary  circuits  which  supply 
the  lamps,  etc.,  Z,  as  indicated.  The  field  magnets  of  these  dyna- 
mos may  also  be  fed  by  the  main  circuit  AB^  or  they  may  be  self- 
excited  by  shunt  or  compound  winding. 

This  system  has  the  following  advantages  and  disadvantages 
compared  with  the  alternating  current  system.  Rotary  transform- 
ers are  more  complicated,  cost  more,  require  more  attention,  and 
are  less  efficient  than  static  transformers.  But  it  has  been  shown 
that  they  may  be  compound  or  over-compound  wound,  in  order  to 
supply  a  uniform  or  rising  voltage,  which  is  not  practicable  with 
static  transformers.     Furthermore,  it  is  generally  found  that  rotary 

(q)         m(^^^^  m(^o  \\\x. 

B 
Fig,  72.    Distribution  by  Rotary  Transformers  in  Parallel 

transformers  are  easily  taken  care  of,  and  rarely  get  out  of  order. 
In  many  cases  their  use  may  be  desirable  or  necessary,  as,  for  ex- 
ample, in  electrolytic,  chemical,  or  metallurgical  work,  in  arc  light- 
ing, in  connection  with  storage  batteries,  or  for  other  purposes  for 
which  direct  currents  are  converted  from  alternating,  or  vice  versa. 
Rotary  transformers  may  also  be  arranged  as  illustrated  in  Fig. 
78,  the  motor  parts  M  being  all  connected  in  series  with  the  main 
generator  (7,  and  the  dynamo  elements  D  of  the  transformers  being 
connected  to  the  lamps,  etc.,  L.  If  the  current  is  kept  constant 
(the  generator  G  having  a  regulator  like  a  series  arc  dynamo), 
and  the  motors  M  are  simple  series-wound  machines,  they  will 
exert  a  certain  torque,  or  turning  effort,  which  will  be  constant.  It 
follows,  therefore,  if  the  dynamos  D  are  also  series  wound,  that 
each  will  generate  a  certain  current  which  will  be  constant.  If 
lamps  or  other  devices  designed  for  that  particular  current  are  con- 
nected in  series  on  the  secondary  circuits,  the  dynamos  D  will 
always  maintain  that  current,  no  matter  how  many  lamps  there 
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may  be.  When  lamps  are  added,  the  resistance  of  the  local  circuit 
is  raised,  and  the  current  in  it  decreases,  so  that  the  dynamo  in- 
creases its  speed  until  it  generates  sufficient  E,M,R  to  produce 
practically  the  same  current  as  before.  Hence  this  constitutes  a 
system  which  is  self-regulating,  when  lamps,  etc.,  are  cut  in  or  out 
of  the  secondary  circuits.  No  harm  results  even  when  the  second- 
ary is  short-circuited,  since  only  the  normal  current  can  be  gene- 
rated. But  if  the  secondary  circuit  is  opened,  then  the  machine 
will  race,  and  probably  injure  itself  by  centrifugal  force,  because 
the  torque  of  the  motor  M  has  its  full  value,  and  there  is  no  load 
upon  the  dynamo  D,  To  guard  against  this  danger,  some  auto- 
matic device  should  be  provided  to  short-circuit  the  field  or  arma- 
ture of  the  motor  when  its  speed  or  counter  E.M,R  rises  above 


)"9^lD' 


Fig.  73,    Distribution  by  Rotary  Tranaformera  In  Sorlos. 

a  certain  point.  Another  way  to  operate  such  a  system  would  be 
to  use  motors  M,  with  governors  that  maintain  a  constant  speed 
for  all  loads,  in  which  case  the  dynamos  D  should  be  shun^  or 
compound  wound,  to  feed  lamps,  etc.,  in  parallel  at  constant 
potential. 

Motor  Dynamos  as  <<  Boosters  "  and  Compensators.  —  The  ma- 
chines described  in  the  present  chapter  for  use  in  converting  direct 
currents  from  one  voltage  to  another  are  also  applicable  as  "  boos- 
ters "  in  feeder  regulation,  and  as  compensators  in  three-  and  five- 
wire  systems  of  distribution.  The  motor-dynamo  illustrated  in 
Fig.  70  is  well  adapted  to  being  employed  as  a  "  booster  **  in  Fig. 
89,  for  example.  The  left-hand  machine  could  be  driven  as  a 
shunt-wound  motor  by  current  obtained  from  the  main  generator 
D  (Fig.  39),  and  the  right-hand  machine  (Fig.  70)  would  serve  as 
the  "  booster  **  R  or  S  to  raise  the  voltage  in  the  feeders  A  or  B 
(Fig.  89).     The  double  machine  shown  in  Fig.  70  or  in  Fig.  68 
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could  also  be  used  as  a  compensator  to  subdivide  the  total  voltage 
in  the  three-wire  system  indicated  in  Fig.  66.  Indeed,  it  is  cus- 
tomary to  use  motor-dynamos  for  these  purposes. 

The  Oxford  System.  —  One  of  the  most  prominent  examples 
<rf  transmission  and  distribution  by  means  of  high-tension  direct 
currents  is  the  plant  that  has  been  in  operation  at  Oxford,  Eng- 
land, for  several  years.  Similar  systems  are  also  used  in  London 
{Chelsea),  Shoreditch,  and  other  places  in  Great  Britain,  the  name 
"Oxford  System  "  being  applied  generally  to  this  class  of  installa- 
tions. They  may  be  regarded  as  extensions  of  the  simple  arrange- 
ment shown  in  Fig.  72. 

In  the  diagram.  Fig.  74,  which  represents  such  a  system,  D  D 
are  the  main  generators  supplying  direct  currents  at  1,000  or  2,000 


Fig.  74,    High'TenBion  Dirwt'Ourrent  System. 

volts  to  the  high-tension  'bus  bars  Hff.  Their  field  coils  FF  are 
fed  from  the  low-tension  'bus  bars  E  E,  that  receive  current  at  100 
or  200  volts  from  the  secondary  circuit  of  the  motor-dynamo  K,  the- 
primary  L  of  which  is  supplied  from  the  high-tension  'bus  bars 
If  Hhy  the  wires  IV.  The  storage  battery  B  is  also  connected  to 
the  low-tension  'bus  bars  E,  being  charged  by  the  machine  K,  in 
order  to  give  current  for  lighting  the  station  when  all  the  genera- 
tors (DD)  are  stopped,  and  also  for  exciting  their  field  magnets  in 
starting  them.  The  current  is  carried  from  the  high-tension  'bus 
bars  in  the  generating  plant  over  transmission  conductors  T  to  the 
two  'bus  bars  at  the  distributing  station,  that  may  be  placed  at  a 
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considerable  distance  without  involving  large  expenditure  for  the 
conductors,  since  the  energy  is  transmitted  at  high  voltage.  From 
these  'bus  bars,  the  high-tension  current  is  conveyed  by  the  pairs 
of  feeders  F  F  to  the  primary  circuits  of  the  motorndynamos  Q 
{located  at  sub-stations),  the  secondary  circuits  of  which  connect 
with  the  three-wire  mains  MMM,  supplying  the  outside  wires  at 
about  200  volts. 

The  lamps  y/y  are  fed  from  these  three-wire  mains  in  the  usual 
manner.  The  motor-dynamos  Q  ^t  the  various  sub-stations  may 
cither  be  controlled  by  attendants  at  the  sub-stations,  or  they  may 
be  started  and  stepped  from  the  distributing  station  by  means  of 
the  starting  rheostat  5  placed  in  each  feeder  circuit.  In  the  latter 
case,  the  motor-dynamos  are  provided  with  series  field  coils  Z  in 
order  to  give  magnetization  for  starting  up,  after  which  excitation 
is  produced  by  a  shunt  winding  (not  shown)  supplied  from  the 
secondary  circuit.  The  latter  is  connected  to  or  disconnected 
from  the  mains  M  by  the  switch  Q  that  may  be  operated  from  the 
station  by  means  of  the  magnet  X  and  wires  P.  The  latter  also 
serve  as  pressure  wires,  the  voltage  on  the  mains  being  indicated 
in  the  station  by  a  voltmeter  V. 

Compensators  U  are  connected  to  the  three-wire  mains  M  at 
various  points  to  equalize  the  voltage  on  the  two  sides  of  the  sys- 
tem. These  machines  may  be  simple,  like  M Nm.  Fig.  56,  or  they 
may  be  provided  with  series  winding,  as  in  Fig.  58,  in  order  to 
raise  the  pressure  on  the  more  heavily  loaded  side  when  the  sys- 
tem becomes  unbalanced.  The  storage  battery  G  is  connected  to 
the  mains  M  for  the  purpose  of  supplying  current  during  the  day, 
or  when  the  load  is  light,  thus  enabling  all  of  the  main  generators 
D  Dj  and  motor-dynamos  Q  Q,  to  be  stopped  a  considerable  portion 
of  the  time.  This  battery  is  charged  when  the  generating  plant  is 
running,  the  increased  voltage  required  being  produced  by  the 
booster  7",  or  a  differential  booster  may  be  used  for  the  purpose. 

If  desired,  the  storage  battery  G  may  be  employed  to  supply 
current  for  the  "peak  "  of  the  load-curve  (i.e.,  the  short  period  of 
maximum  load),  thereby  relievinfi^  the  generating  plant,  the  feeders 
FF,  and  the  motor-dynamos  Q  Q,  at  the  time  of  heaviest  load.  The 
battery  may  be  charged  when  the  load  is  lighter,  so  that  this  plan 
of  working  would  tend  to  secure  a  uniform  load  on  the  machinery 
while  running,  and  would  also  allow  it  to  be  stopped  when  the 
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load  is  very  light.  Storage  batteries  may  be  installed  in  the  gen- 
erating plant  (as  at  B)y  in  the  -distributing  station,  in  sub-stations 
on  the  mains  (as  at  G),  or  in  all  three  places ;  the  nearer  they  are 
to  the  lamps,  the  more  of  the  apparatus  and  conductors  they  may 
relieve  at  times  of  maximum  load.  In  fact,  one  of  the  advantages 
of  this  or  other  direct-current  system  is  the  ability  to  use  storage 
batteries  in  connection  with  it.  In  some  cases  the  distributing 
station  may  be  omitted,  the  feeders  FF  being  run  directly  from 
the  'bus  bars  H H  in  the  generating  station  to  the  motor-dynamos 
Q  in  the  sub-stations.  The  Electrical  World  (N.  Y.)  of  March  12, 
1898,  contains  a  description  of  this  system  as  used  on  a  large  scale 
at  Chelsea,  England,  also  the  variable  ratio  direct-current  trans- 
formers that  are  employed  there.  A  description  and  illustrations 
of  a  more  recent  installation  of  this  character  at  Bromley,  England, 
are  given  in  the  Electrical  World  and  Engineer  (N.  Y.)  of  Feb.  17, 
and  in  the  London  Electrician  of  January,  1900. 

An  important  method  of  electrical  distribution  consists  in  trans- 
mitting the  electrical  energy  by  means  of  alternating  currents, 
usually  two-  or  three-phase,  from  the  generating  plant  to  stations 
at  which  it  is  transformed  into  direct  currents  by  means  of  rotary 
converters,  and  distributed  for  lighting  and  other  purposes.  Such 
systems  will  be  described  after  the  principles  of  alternating  cur- 
rents have  been  considered. 
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CHAPTER    VI. 

NETWORKS  OF  ELECTRICAL  CONDUCTORS. 

The  most  complete  system  of  parallel  distribution  is  that  in 
which  the  conductors  are  interconnected  to  form  a  network.  This 
arrangement  was  developed  from  the  "feeder  and  main"  method 
of  Edison,*  and  is  also  due  to  him.  It  is  used  in  most  of  the  large 
systems  throughout  the  world  for  low-tension,  direct-current  distri- 
bution, and  is  often  employed  for  the  secondary  circuits  of  alternat- 
ing-current transformers,  especially  where  the  system  is  a  large  or 
important  one.  The  enormous  networks  of  mains  constructed  by 
the  Edison  Electric  Illuminating  Companies  in  New  York,  Chicago, 
Philadelphia,  Brooklyn,  Boston,  and  other  large  cities,  may  be  cited 
as  very  prominent  examples.  Networks  are  sometimes  adopted  in 
the  interior  wiring  of  buildings  ;  but  they  are  usually  quite  simple 
in  such  cases,  being  seldom  developed  much  beyond  the  ring  mains 
represented  in  Figs.  19  and  20,  which  may  be  regarded  as  the 
simplest  form  of  network. 

A  two-wire  network  of  conductors  is  indicated  in  Fig.  75, 
A  BCD  being  composed  of  two  sets  of  positive  mains  at  right  angles 
to  each  other,  and  connected  at  the  points  where  they  intersect  ; 
E FG  H being  a  similar  network  of  negative  mains  represented  by 
dotted  lines.  The  mains  are  supplied  with  current  from  the  gen- 
erating station  ^S  by  feeders  which  are  not  shown  in  Fig.  75, 
because  they  would  confuse  the  diagram.  At  any  desired  point  a 
lamp  will  be  fed  with  current  if  connected  between  the  -H  and  — 
networks.  In  fact,  the  case  may  be  considered  as  equivalent  to 
that  in  which  two  parallel  sheets  of  copper  are  respectively  con- 
nected to  the  terminals  of  a  source  of  electrical  energy,  lamps  being 
connected  across  from  one  sheet  to  the  other. 

Distribution  of  Current  and  Drop  in  Voltage  in  Networks.  —  In 
order  to  study  the  flow  of  current,  let  us  consider  by  itself  one- 

*  See  page  30. 
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The  algebraic  sum  of  all  the  products  of  the  currents  and  resistances 
in  conductors  forming  a  closed  loop  is  zero. 

The  application  of  these  principles  to  simple  cases  has  already 
been  given  on  pages  35  and  49  ;  but  it  would  be  difficult  to  apply 
them  to  the  extensive  and  complicated  networks  used  in  practice, 
particularly  when  the  lamps  are  unequally  distributed.  Neverthe- 
less, methods  for  making  such  calculations  have  been  given  by 
Herzog  and  Stark,*  Herzog,f  Coltri,J  Muellendorff,§  and  others. 

Electrical  Model  of  Network.  —  In  the  pioneer  work  of  Edison 
in  1882,  the  designing  of  the  underground  network  of  conductors 
was  aided  by  constructing  models  in  which  the  conductors  were 
represented  in  miniature  by  copper  wires.  If  the  model  is  correct 
in  scale,  it  is  possible  to  determine  from  it  the  distribution  of  cur- 
rent and  drop  with  various  amounts  and  positions  of  load.  This 
plan  can  be  followed  in  any  case,  but  would  ordinarily  be  consid- 
ered too  much  trouble,  although  it  might  often  effect  a  considerable 
saving  in,  or  better  arrangement  of,  the  copper. 

Mechanical  Model  of  Network.  —  Another  method  of  solving 
this  problem  was  devised  by  H.  Helberger  ||  of  Munich,  and  con- 
sists in  employing  a  mechanical  model  in  which  the  conductors  are 
represented  in  length  and  position  by  horizontal  strings  stretched 
with  a  certain  force  corresponding  to  the  cross-section  of  the  con- 
ductor, the  load  being  applied  in  the  form  of  weights  that  are  hung 
upon  the  strings,  and  are  proportional  to  the  current  consumed  at 
the  various  points.  The  amount  that  the  strings  are  depressed 
indicates  the  drop  in  voltage,  being  usually  limited  to  a  certain 
value  in  a  given  case.  The  points  at  which  the  strings  are  sup- 
ported correspond  to  the  feeding-points,  being  raised  or  lowered 
with  respect  to  each  other  a  distance  proportional  to  the  difference 
in  the  electrical  pressures  with  which  they  are  fed. 

Actual  Design  of  Network.  —  These  methods  for  determining 
the  size  of  the  mains  in  a  network  are  not  much  used  in  America, 
although  they  are  applied  quite  generally  in  Germany.     Experience 

*  Elektrotechnische  Zeitschrifty  1890,  p.  221,  and  Electrical  World,  vol.  xv.,  p.  800. 
t  Elektrotechnische  Zeitschrift,  1803,  p.  10. 
X  Ibid,,  1893,  p.  426. 
§  Ibid.,  1894,  pp.  67  and  236. 

II  Gennan  Patent  No.  68918,  Class  21,  April  6,  1892.  See  also  Western  Elec- 
trician, April  27,  1897. 
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in  this  country  has  shown  that  it  is  sufficient  to  employ  a  few  stan- 
dard sizes  of  mains.  In  New  York  City,  for  example,  each  of  the 
three-wire  mains  has  a  cross-section  of  350,000  circular  mils  in 
the  central  and  heavily  loaded  portions  of  the  network,  and  a  cross- 
section  of  200,000  circular  mils  in  the  outlying  or  less  heavily 
loaded  districts,  and  in  some  cases  conductors  of  150,000  circular 
mils  are  large  enough.  It  is  not  found  necessary  to  specially 
determine  the  size  of  each  individual  main  or  section  thereof ;  the 
same  size  being  used  throughout  a  large  district,  and  having  been 
selected  with  reference  to  the  general  rather  than  local  conditions. 

The  justification  for  this  apparently  crude  practice  is,  first,  the 
simplicity  of  laying  and  maintaining  a  network  composed  of  only 
two  or  three  standard  sizes  of  mains,  larger  or  smaller  sizes  being 
either  too  clumsy  or  too  weak  mechanically ;  second,  it  is  prac- 
tically impossible  to  predetermine  the  current  that  a  main  will 
carry,  the  demand  upon  it  being  often  much  greater  or  less  than 
was  expected  ;  third,  an  excess  of  copper  in  one  portion  of  a 
network  tends  to  help  other  portions  that  are  more  heavily  loaded, 
and  conversely  a  small  section  of  main  acts  as  a  weak  link  in  the 
chain. 

It  is  important  to  appreciate  this  interdependence  of  the  parts 
of  a  network  of  conductors,  as  it  constitutes  its  chief  advantage. 
In  the  mechanical  model  already  referred  to,  it  is  evident  that  all 
of  the  strings  would  aid  each  other  in  supporting  a  weight  hung  at 
any  point  upon  them.  The  electrical  analogue  acts  in  a  similar 
manner. 

As  already  stated,  it  is  customary  to  construct  networks  with 
certain  sizes  of  mains  which  have  been  found  by  experience  to  be 
suitable  for  towns  having  a  certain  density  of  population,  character 
of  service,  etc.  In  cases  where  this  very  empirical  method  cannot 
be  followed,  or  when  it  is  desired  to  check  it  by  calculation,  a  care- 
ful plan  of  the  given  district  should  be  made,  and  lines  representing 
the  proposed  mains  are  then  drawn.  A  main  (2-  or  3-wire  as  the 
case  may  be)  is  run  through  each  street,  or  two  mains  may  be 
laid,  one  on  each  side,  in  order  to  reduce  the  trouble  of  making 
house  connections.  In  the  case  of  unimportant  streets  in  which 
there  are  no  customers,  the  mains  may  be  omitted  or  put  in  later. 
Where  the  mains  intersect  they  are  connected,  all  the  -f  conduc- 
tors (of  which  there  are  usually  four  or  eight)  being  brought  to- 
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gether,  the  same  for  the  —  conductors,  and  also  for  the  ±  conduc- 
tors in  a  three-wire  system.  The  connection  of  four  -f-  wires  and 
four  —  wires  in  a  two-wire  system  is  represented  at  J  and  N  in 
Fig.  75.  Having  thus  laid  out  the  entire  network,  certain  feeding- 
points  are  then  chosen.  There  is  no  absolute  rule  for  determining 
their  position,  but  they  should  be  located  to  give  as  nearly  uniform 
voltage  as  possible  throughout  the  system.  They  should  be  ar- 
ranged so  that  the  feeders  can  be  run  conveniently  to  them  and 
connected  to  the  network,  and  should  be  nearer  together  where  the 
load  is  great,  and  vice  versa.  In  case  it  is  subsequently  found  that 
they  are  too  far  apart,  others  may  be  added  without  disturbing  the 
feeders  and  mains  already  laid.  In  this  way  increase  of  load  upon 
the  system  may  be  provided  for  at  any  time.  It  is  also  possible 
to  reenforce  the  mains  by  laying  others  parallel  to  them,  but  prac- 
tically the  same  result  is  obtained  when  additional  feeders  are  put 
in.  If,  for  example,  the  average  distance  between  feeding-points 
is  reduced  to  one-half,  the  average  current  on  a  given  main  will  also* 
be  one-half  as  great  as  before,  and  since  it  flows  only  one-half  as 
far,  the  drop  would  be  one-quarter  as  much.  Extending  a  network 
of  mains  in  any  direction  will  also  tend  to  help  the  conductors 
already  laid,  because  it  provides  more  paths  for  the  current,  as 
explained  on  page  104. 

The  Edison  system  of  underground  conductors  originally 
adopted  for  network  distribution  and  still  very  generally  employed 
for  the  purpose  will  be  described  in  the  chapter  on  Underground 
Conductors.  Other  methods  of  constructing  such  networks  will 
be  given  under  the  same  heading. 
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CHAPTER    VII. 

PRINCIPIiES  OF  ALTBRNATINO  CURRZSNTS. 

Introduction.  —  The  various  principles  and  facts  concerning 
direct  current  distribution  set  forth  in  the  preceding  chapters,  ap- 
ply also  to  alternating  current  systems.  But  in  addition  to  the 
simple  phenomena  due  to  resistance,  which  joccur  in  the  former 
case,  there  are  certain  additional  factors  that  must  be  considered 
in  connection  with  alternating  current  transmission.  The  flow  of 
a  direct  current,  which  is  steady,  is  entirely  determined  by  the 
ohmic  resistance  of  the  various  parts  of  the  circuit ;  and  if  all  these 
resistances  are  known  the  distribution  of  potential  and  current  can 
be  determined  exactly.  The  flow  of  an  alternating  current  de- 
pends not  only  upon  the  resistance,  but  also  upon  any  inductance 
(self  or  mutual  inductance)  or  capacity  that  may  be  contained  in  or 
connected  with  the  circuit.  These  two  factors  have  absolutely  no 
effect  upon  a  direct  current  after  a  steady  flow  has  been  estab- 
lished, which  usually  requires  only  a  small  fraction  of  a  second. 
But  in  an  alternating  circuit  either  or  both  of  them  may  be  far 
more  important  than  resistance,  and  in  some  cases  may  entirely 
control  the  action  of  the  current,  the  effect  of  resistance  being 
insignificant. 

Since  alternating  current  problems  involve  a  consideration  of 
three  factors,  they  are  usually  more  complicated  and  difficult  to 
solve  than  those  relating  to  direct  currents.  Nevertheless,  by  an 
extension  of  the  principles  and  methods  already  explained,  it  will 
be  found  that  alternating  current  systems  can  be  designed  correctly 
and  without  great  difficulty. 

Practically  the  only  reason  for  employing  alternating  currents 
in  electric  lighting  is  to  enable  the  cost  of  the  conductors  to  be  re- 
duced by  using  high  voltages  and  transformers.  It  has  already 
been  shown  that  the  cross-section  of  a  wire  needed  to  convey  a 
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given  amount  of  electrical  energy  in  watts,  ^yith  a  given  percentage 
of  "  drop  "  or  loss  of  potential  in  volts,  is  inversely  proportional  to 
the  square  of  the  E,M,F,  employed :  hence  it  requires  a  wire  of 
only  one-quarter  the  cross-section  and  weight  if  the  initial  voltage 
is  doubled.  The  great  advantage  thus  obtained  by  the  use  of  high 
tension  can  be  realized  either  by  a  saving  in  the  weight  of  wire 
required  or  by  transmitting  the  current  to  a  greater  distance  with 
the  same  weight  of  copper.  In  alternating  current  electric  lighting 
the  primary  E.M.F,  is  usually  at  least  1,000  and  often  2,000  to 
10,000  volts.  Even  at  a  pressure  of  1,000  volts  an  advantage  of 
100  to  1  is  gained  over  a  system  operating  at  100  volts.  This 
enormous  difference  enables  a  given  number  of  lamps  to  be  sup- 
plied at  a  far  greater  distance,  and  at  the  same  time  the  conductors 
weigh  very  much  less.*  These  facts  make  it  unnecessary  to  design 
a  system  of  alternating  current  conductors  with  the  great  care  that 
is  required  for  direct  current  distribution,  since  the  use  of  slightly 
larger  conductors  will  make  up  for  any  small  differences  in  the 
arrangement  of  the  feeders  and  mains.  The  result  is  that  ordinary 
alternating  current  systems  of  conductors  are  less  complicated  than 
those  used  for  direct  currents.  The  very  elaborate  network  of 
mains,  for  example,  often  employed  for  the  latter  is  seldom  required 
for  the  former  except  in  the  low  voltage  secondary  distribution. 

On  the  other  hand,  the  actual  uniformity  of  voltage  secured  in 
direct  current  circuits  is  usually  superior  to  that  obtained  on  alter- 
nating current  systems.  This  is  partly  due  to  the  fact  just  stated, 
that  less  care  is  required  in  designing  the  circuits,  consequently 
there  is  a  tendency  to  exercise  too  little  care.  The  difference  also 
arises  from  the  effects  of  inductance  and  capacity,  which  produce 
variations  in  potential  as  great  as,  or  greater  than,  those  due  to  re- 
sistance alone.  The  exact  influence  of  these  factors  under  various 
conditions  will  be  considered  later. 

The  reason  that  the  alternating  current  can  be  used  at  the  high 
pressure  of  1,000  volts  or  more,  while  the  direct  current  is  limited 
to  about  110,  220,  or  440  volts  for  constant  potential  lighting  is 
due  to  the  greater  facility  with  which  the  alternating  current  can 
be  transformed  from  a  higher  to  a  lower  pressure,  and  vice  versa. 
This  is  accomplished  by  simple  transformers,  consisting  merely  of 
two  or  more  coils  of  wire  wound  upon  an  iron  core.  Since  there 
are  no  moving  parts,  the  attention  demanded  and  the  likelihood  of 
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the  apparatus  getting  out  of  order  are  small.  This  enables  the  al- 
ternating current  to  be  generated  at  or  transformed  to  a  high  pres- 
wre  suitable  for  transmission  over  long  distances  with  small  con- 
ductors, the  potential  being  locally  transformed  to  that  required  by 
the  lamps,  usually  about  100  volts.  In  order  to  convert  a  direct 
current  from  one  potential  to  another  it  is  necessary  to  employ  a 
motor-dynamo,  which  is  practically  a  combination  of  a  motor  and 
a  dynamo  costing  considerably  more  than  an  alternating  current 
transformer,  having  a  lower  efficiency,  and  being  more  troublesome 
to  take  care  of.  In  almost  every  other  respect  the  direct  current 
is  preferable  for  electric  lighting;  and  where  the  distances  are 
not  great,  as,  for  example,  in  isolated  plants  and  central  stations 
in  thickly  populated  cities,  the  direct  current  has  been  the  system 
most  generally  and  successfully  employed. 

Two-phase  and  three-phase  alternating  current  systems  are  often 
employed  to  supply  incandescent  and  arc  lights;  but  they  are  only 
advantageous  for  operating  motors  or  rotary  converters,  and  so 
far  as  lamps  are  concerned,  they  are  more  complicated,  and  possess 
no  compensating  superiority  over  the  single-phase  system.  The 
latter,  on  the  other  hand,  is  not  desirable  when  there  are  a  number 
of  motors  of  anything  more  than  small  size,  such  as  fan  motors. 
Hence  polyphase  systems  are  used  in  cases  where  both  lamps  and 
motors  are  to  be  supplied  with  alternating  currents. 

The  principles  of  alternating  currents  will  now  be  given  ;  but  it 
is  not  intended  to  treat  the  subject  exhaustively,  as  there  are 
several  excellent  works  entirely  devoted  to  it.  It  is  sufficient 
herein  to  consider  briefly  the  chief  facts,  to  serve  as  a  basis  for 
study  and  calculations  concerning  alternating  current  lines,  trans- 
formers, etc. 

Principles  of  Alternating  Currents.  —  Each  armature  coil  of  a 
dynamo  tends  to  generate  an  E,M.F,,  which  rises  to  a  certain  max- 
imum value,  then  falls  to  zero,  then  reverses  in  direction,  and  again 
returns  to  zero.  This  cycle  of  changes,  which  can  be  represented 
by  a  curve  (Fig.  77),  constitutes  a  complete /^nW;  and  since  it  is 
repeated  indefinitely  at  each  revolution  of  the  armature  in  a  bipolar 
field,  the  currents  produced  by  such  an  E,M,F,  are  called  periodic 
currents.  The  number  of  complete  periods  in  one  second  is  called 
the  frequency  of  the  pressure,  or  current.  In  Fig.  77  the  period 
is  completed  in  .01  second,  hence  the  frequency  is  100.     Since  the 
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current  changes  its  direction  at  each  half-period,  it  follows  that  the 
number  of  alternations  or  reversals  is  twice  the  frequency. 

Various  forms  of  pressure  or  current  waves  may  be  generated, 
depending  upon  the  arrangement  of  the  armature  winding,  pole- 
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fig  77,    ffeitresentatton  ofAttemating  E.M.F, 


FIga.  78  and  70.    Fittt-topped  and  Peaked 
Wave  Forma. 


pieces,  etc.  It  is  possible,  by  having  the  pole-faces  either  consider- 
ably wider  or  considerably  narrower  than  the  armature  coils  to  pro- 
duce a  flat-topped  wave  (Fig.  78) ;  or  by  making  the  coils  exactly 
the  same  width  as  the  pole-pieces,  2i  peaked  wave  (Fig.  79)  may  be 
obtained.  If  the  lines  of  force  are  excessive  at  the  edges  of  the 
poles,  extra  waves,  or  upper  harmonics  J  B  IV,  are  superimposed 
upon  the  main  or  fundamental  wave  A  C  (Fig.  80).     The  extra 


Fig.  80.    Alternating  E.M.F.  wHh  Third  Harmonic. 

wave,  JB  IV,  shown  is  the  third  harmonic,  being  always  an  odd 
number ;  but  in  some  cases  the  fifth,  seventh,  or  almost  any  odd 
harmonic  may  be  present.  These  harmonics  are  alternating  pres- 
sure or  current  waves  of  three,  five,  seven,  etc.,  times  the  frequency 
of  the  fundamental  wave  AC,  which  are  generated  simultaneously 
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with  the  latter,  and  modify  its  form.  In  the  case  represented, 
D  VEG  H\s  the  wave  of  E,M.F.  that  is  actually  produced,  being 
the  combination  of  the  fundamental  AC  and  the  third  harmonic, 
JB  W.  For  example,  the  voltage  at  D  is  the  sum  of  ST  and  JT. 
At  V  it  is  the  algebraic  sum  of  A  and  B,  and  so  on.     The  ideal 


Fig.  81.    Sine  Curae. 


form  of  wave  generated  by  a  coil  of  wire  revolving  about  an  axis  in 
a  uniform  field  is  the  sine-curve,  in  which  the  E.M.F,  at  any  point, 
Py  is  proportional  to  the  sine  of  the  angle  ^,  through  which  the  coil 
has  moved  (Fig.  81). 

If  the  maximum  value  of  the  E.M.F,  at  J/ is  jE*„mm:,  then  the 
instantaneous  value  e  at  any  point  is 

e  =  Emax^ine.  (32) 

When  the  current  wave  is  also  a  sine-curve,  a  similar  expression 
^ves  the  instantaneous  value  as  follows  : 

i= /max  sine,  (33) 

The  sine-wave  being  the  ideal  form,  practically  all  calculations 
are  based  upon  it ;  other  forms  tend  to  be  converted  into  the  sine 
curve;  and  it  seems  to  be  the  best  for  general  use,  so  it  should  be 
accepted  for  the  same  reason  that  standard  weights  and  measures, 
screw-threads,  etc.,  are  adopted.  This  is  true,  even  though  some 
other  form  might  have  advantages  for  certain  purposes.  The 
question  has  been  much  discussed  ;  *  but  the  tendency  has  been  for 
manufacturers  generally  to  adopt  the  sine-form,  the  actual  waves  of 
pressure  and  current  in  most  commercial  apparatus  being  close 
approximations  to  the  true  sine-curve. 

If  all  alternating  current  apparatus  is  designed  for  the  sine-wave 

*  Electrical  World,  Aug.  4,  1894,  p.  107,  and  many  other  issues  to  Dec.  1,  1894. 
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it  is  possible  to  operate  dynamos,  motors,  measuring  instruments, 
etc.,  on  any  circuit,  thus  avoiding  the  endless  confusion  and  difficul- 
ties that  would  arise  if  a  different  form  of  wave  were  adopted  by 
each  manufacturer  and  for  each  particular  purpose. 

Effective  Values  of  Alternating  Pressures  and  Currents.  — 
Since  the  value  of  an  alternating  current  is  continually  varying,  it 
is  usuaDy  more  convenient  to  consider  its  mean  value ;  but  this  is 
not  the  ordinary  arithmetical  average.  If  an  alternating  current 
is  flowing  through  a  conductor,  its  heating  effect  at  any  instant  will 
be  proportional  to  the  square  of  the  current  strength ;  and  the  aver- 
age heating  effect  for  the  whole  time  during  which  it  flows  will  be 
the  average  of  these  squares,  —  that  is,  the  mean  square.  It  fol- 
lows, therefore,  that  a  direct  current,  to  produce  the  same  heating 
effect,  would  have  a  value  equal  to  the  square  root  of  this  quantity, 
that  is,  Vmean  square.     The  same  is  true  of  alternating  current 

E,M.F,y  since  the  heating  effect  is  ^ ;  so  that,  with  a  constant  re- 

sistance,  the  heating  is  proportional  to  the  square  of  the  voltage. 
The  square  root  of  the  mean  square  of  the  voltage  or  current  is 
called  its  effective  value,  and  is  the  quantity  which  is  indicated  by 
alternating  current  volt-  or  ampere-meters.     For  a  sine-wave  the 

effective  pressure  or  current  is  — ^  =  .707,  or  about  71  per  cent  of 

the  maximum  value,  and  conversely,  the  maximum  is  >/^  =  1.41 
times  the  effective  value,  or  41  per  cent  greater.  These  relations 
may  be  summed  up  as  follows : 

E^ec=  V  mean  square  of  ^  =  -^^  =  .707  Ej^ax  ;         (34) 
^efftc  =  V  mean  square  of  /  ="~/~7  ~  '^^^  -^max.  (35) 

In  practical  cases  it  is  usually  sufficient  to  determine  the  effec- 
tive volts  and  amperes  of  alternating  currents,  the  instantaneous 
values  being  rarely  considered  except  for  the  purpose  of  deducing 
formulas,  studying  phenomena,  and  other  investigations.  The  term 
virtual  is  sometimes  applied  to  the  Vmean*  values  instead  of  the 
word  effective  ;  but  the  latter  word  is  now  generally  adopted. 

Inductance  is  one  of  the  three  fundamental  quantities  which 
affect  the  flow  of  an  alternating  or  other  varying  current,  the  other 
two  being  resistance  and  capacity.     It  is  due  to  inductive  action 
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of  the  circuit  on  itself,  or  of  one  portion  of  the  circuit  on  another 
portion  of  the  same  circuit,  in  which  cases  it  is  called  self-induction  ; 
or  it  may  be  due  to  the  action  of  one  circuit  upon  another  inde- 
pendent circuit,  in  which  case  it  is  called  mutual  induction.  The 
former  is  the  one  generally  considered  in  transmission,  and  will  be 
treated  first. 

The  unit  of  inductance,  or  the  **  coefficient  of  self-  or  mutual  in- 
duction," is  called  the  henry^  which  is  the  inductance  of  a  circuit 
when  the  E,M,F,  induced  in  it  is  one  volt,  while  the  inducing 
current  varies  at  the  rate  of  one  ampere  per  second.  For  example, 
if  a  counter  E,M.F.  of  one  volt  is  set  up  in  a  coil  when  the  cur- 
rent is  increased  at  the  rate  of  one  ampere  per  second,  then  the 
self-inductance  of  that  coil  is  one  henry. 

The  physical  cause  of  the  phenomenon  of  self-induction  is  the 
fact  that  a  current  flowing  in  a  conductor  tends  to  produce  mag- 
netic lines  of  force  around  itself.  If  the  conductor  is  a  helix  of 
wire,  the  lines  produced  by  each  turn  pass  through  that  turn  and 
through  most  of  the  others,  so  that  the  total  flux  through  the  helix 
is  large.  When  the  current  varies,  the  lines  of  force  also  vary  in 
number,  and  necessarily  cut  the  turns  of  wire,  thereby  setting  up  an 
E.M.F,  in  the  latter.  With  increasing  current  this  E.M.F,  is 
counter,  and  opposes  the  flow ;  with  decreasing  current  it  aids  it ;  but 
when  the  current  is  steady  no  E.M.F,  is  induced,  since  the  lines 
of  force  do  not  vary  or  cut  the  conductor.  In  the  case  of  mutual 
induction,  it  is  evident  that  a  second  coU  B  in  the  neighborhood 
will  be  cut  by  the  lines  of  force  produced  by  the  first,  tending  to 
set  up  an  E,M.F.  in  By  which  will  cause  a  current  to  flow  in  it,  or 
will  oppose  or  aid  a  current  already  flowing,  according  to  the  relative 
directions  of  the  lines  -of  force  and  the  current. 

Inductance  was  defined  by  the  Chicago  Electrical  Congress  of 
1893  in  terms  of  the  E.M.F,  generated,  but  it  is  also  proportional 
to  the  number  of  turns  of  wire  and  to  the  average  flux  through 
each  .when  unit  current  is  flowing.  This  is  similar  to  the  first 
definition,  since  the  production  of  a  certain  number  of  lines  of  force 
by  one  ampere  in  one  second  tends  to  generate  a  certain  E.M.F 

A  third  definition  of  inductance  may  be  based  upon  the  electro- 
magnetic energy  stored  in  a  coil  when  a  unit  current  is  flowing, 
which  energy  is  proportional  to  the  square  of  the  flux  density, 
other  things  being  equal. 
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These  three  definitions  may  be  summed  up  as  follows : 

Three  Definitions  of  Inductance.  —  Calling  L  the  inductance  in 
henrys,  e  and  i  the  instantaneous  values  of  the  E.M.F,  in  volts  and 
the  current  in  amperes  respectively,  n  the  instantaneous  value  of 
the  average  flux  through  each  turn  of  wire,  Z  the  number  of  turns, 

»-.h.  e„„gy  i„  joules  and  |  .he  time  n„e  of  vamta  of  ,h. 
current,  we  have : 

in  terms  of  E.M.F. 

.  =  Z^  (36) 

in  terms  of  lines  of  force  and  turns  of  wire 

in  terms  of  energy 

lV=^Li\  (38) 

Reactance  due  to  Self-induction.  —  It  has  been  shown  that  the 
effect  of  inductance  in  an  alternating  current  circuit  is  to  oppose 
the  flow  of  current  on  account  of  the  counter  E.M.F,  which  it  sets 
up.  This  opposition  may  be  considered  as  an  apparent  resistance, 
and  is  called  reactance  to  distinguish  it  from  true  ohmic  resistance. 
The  value  of  the  reactance  due  to  inductance  is  given  by  the  fol- 
lowing expression,  in  which /is  the  frequency  in  periods  per  second, 
and  L  is  the  inductance  measured  in  henrys 

Reactance  =  27r/Z.  (39) 

The  result  obtained  gives  the  equivalent  or  apparent  resistance  in 
ohms. 

Example,  —  A  coil  of  wire  having  a  self-inductance  of  26  millihenrys  =  .026 
henry  is  supplied  with  an  alternating  current  at  a  frequency  of  100  periods  per 
second.    Its  reactance,  assuming  its  ohmic  resistance  to  be  negligible,  would  be 

2  ir/Z  =  2  X  3.1416  X  100  X  .026  =  15.7  ohms. 

Such  a  coil  would  have  the  same  apparent  resistance  as  a  non-inductive 
circuit  of  16.7  true  ohms,  and  if  connected  to  an  alternating  current  source 
giving  1000  volts  at  100  frequency,  the  effective  current  flowing  through  the  coil 

would  be  -r^  =  63.7  amperes. 

Impedance  due  to  Resistance  ^d  Inductance.  —  Actual  circuits 
always  have  resistance  as  well  as  inductance,  and  in  most  cases  the 
former  cannot  be  neglected.     The  combined  effect  of  resistance 
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and  inductance  is  called  impedance  to  distinguish  it  from  the  other 
two,  and  has  the  following  value  in  ohms  (apparent  resistance). 

Impedance  =  yl'W^^^fLf,  (40) 

Example,  —  A  coil  of  wire  has  a  resistance  of  20  ohms  and  an  inductance 
of  .025  henry.  For  an  alternating  current  having  a  frequency  of  100  the  im- 
pedance of  the  coil  is 


ZTTfL 


Fig.  82.    Qraphlcal  ReprB9Bntat  on. 


^  R-i-\-{'2ir//~)i  =  y  20a  -f  15.72  =  26.4  ohms. 

1000 
Supplied   with   1000  volts  the  coil  would  receive  a  current  5^-7-  =  39.3 

amperes. 

The  relations  expressed  analytically  in  (40)  are  evidently  repre- 
sented graphically  by  the  right- 
angle  triangle  in  Fig.  82.  The  re- 
sistance R  in  ohms  is  laid  off  on 
a  convenient  scale  to  form  the 
base,  the  reactance  2  v/L  is  laid  off 
also  in  ohms  to  form  the  perpen- 
dicular, and  the  impedance  in  ohms 
is  found  by  measuring  the  hypoth- 
enuse  of  the  triangle,  since  it  is 
equal  to  the  square  root  of  the  sum  of  the  squares  of  the  other 
two. 

Lag  of  Current  due  to  Inductance.  —  Besides  opposition  or  re- 
actance to  an  alternating  current,  inductance  also  causes  the  latter 
to  lag  behind  the  E,M.F,  which  produces  it.  The  curve  EF  in 
Fig.  83  represents  the  waves  of  an  alternating  E,M.F,  impressed 
upon  a  circuit  containing  ohmic  resistance  without  inductance  or 
capacity.  In  such  a  case  the  resulting  current  will  reach  its  maxi- 
mum as  well  as  zero  values  at  the  same  instants  as  the  E,M.F.y 
and  may  be  represented  by  the  curve  CD,  If  now  a  self-induction 
coil  be  introduced  into  the  circuit  in  series  with  the  resistance,  the 
current  waves  will  lag  with  respect  to  those  of  E.M.F. ;  that  is, 
the  maximum  current  will  flow  a  little  later  than  the  instant  of 
maximum  E.M,F,,  as  indicated  by  the  dotted  curve  GH,  The 
amount  of  this  lag  is  measured  as  an  angle  called  the  angle  of  lag, 
assuming  one  complete  period  to  correspond  to  360°.  In  Fig.  83 
the  current  wave  is  shown  as  having  its  zero  value  one-eighth  of  a 
period,  or  45°  behind  the  zero  E,M.F.,  and  the  same  for  the  maxi- 
mum and  other  corresponding  points,  hence  the  angle  of  lag  is  45°. 
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The  tangent  of  the  angle  of  lag  with  a  given  resistance  R  sgid 
inductance  L  in  the  circuit  is 

reactance       2vfL  ,a^  ^ 

tan  4>  = =  -— .  (40a) 

resistance         R 

Referring  to  Fig.  82,  it  is  evident  that  the  tangent  of  the  angle  ^ 
is  equal  to  2«/Z  -i-^ ;  therefore  4  represents  the  angle  of  fcg,  'which 
may  be  easily  determined  graphically  in  this  way.  It  is  apparent^ 
from  Fig.  82,  that  the  angle  of  lag  ^  is  small  if  the  resistance  is 


Fig.  83.    Lag  of  AtUrnatIng  Current, 

large  compared  with  the  inductance  Z,  unless  the  frequency  is 
high.  It  is  a  fact  also,  that  however  large  the  inductance  or  fre- 
quency, and  however  small  the  resistance,  the  angle  of  lag  can 
never  be  greater  than  a  right  angle,  or  90°.  This  is  evident  in 
(40a),  since  <^  =  90°  when  its  tangent  is  infinity. 

Example,  —  A  circuit  has  a  resistance  of  2  ohms  and  an  inductance  of 
.0016  henry.  What  is  the  angle  of  lag  for  an  alternating  current  having  a 
frequency  of  100  ? 

2ir/Z  =  2  X  3.1416  X  100  X  .0016  =  2  ohms. 

The  resistance  R  is  also  2  ohms,  therefore  tan  0  =  1  =  1  and  0  is  45^  This 
IS  the  condition  shown  in  Fig.  83,  the  current  wave  GH  (dotted)  being  46®  be- 
hind the  E.M.F.  wave  EF.  The  curve  CD  represents  the  current  that  would 
flow  if  a  wire  of  2  ohms  resistance  without  inductance  were  supplied  with  100 
volts  alternating  E,M.F.^  the  current  at  any  instant  having  one  half  the  nu- 
merical value  of  the  E,M,F.  its  effective  value  being  100  -^  2  =  60  amperes  with 
no  lag.  The  addition  of  .0016  henry  inductance  produces  a  reactance  of  2 
ohms,  which  combined  with  the  resistance  of  1  ohms,  makes  an  impedance  of 
y  22-1-22  =  2.82  ohms,  which  is  much  less  than  their  arithmetical  sum. 

The  current  is  100 -r  2.82  =  36.6  amperes,  so  that  the  effect  of  inductance  is 
to  diminish  the  current,  and  cause  it  to  iag  as  shown  by  comparing  curves  CD 
and  GH  in  Fig.  88. 
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Determination  of  the  Power  of  an  Alternating  Current.  —  In  a 
circuit  containing  ohmic  resistance  only,  the  current  wave  C  does 
not  lag  with  respect  to  the  E.M.F,  wave  Ey  and  the  power  is 
represented  by  the  curve  PQ 
in  Fig.  84.  At  any  instant 
the  power  in  watts  is  the 
product  of  the  E,M.F,  and 
current  at  that  instant,  but 
for  convenience  these  values 
(curve  PQ)  are  plotted  on 
a  smaller  scale  than  E  and 
C,  The  power  is  positive  at 
all  times,  since  the  product 
of  the  positive  values  of  E  ''''  ^  ^^  '^  '"'•^~'"^  ^^'^  ""*  '^  "^^ 
and  C  as  well  as  the  negative  values  of  D  and  E  are  always  posi- 
tive, and  its  effective  value  is  the  Vmean^  of  these  products,  which 
is  simply  the  product  of  the  effective  E.M.F,,  and  current,  as  read 
on  a  volt  and  an  ampere-meter,  that  is 

Power  ^  E  y.  L  (41) 

With  inductance  in  the  circuit,  the  current  lags  behind  the 
E.M,F.  and  the  power  may  be  represented  by  the  curve  PRQS  in 
Fig.  85.  The  negative  values  R  and  S  of  the  power  are  due  to 
the  fact  that  the  current  C  is  positive  when  the  E.M,F,  is  nega- 
tive, or  vice  versa ;  hence  the  actual  power  is  reduced,  being  the 

algebraic  sum  of  these 
quantities.  When  the  re- 
actance is  very  great  com- 
pared with  the  resistance, 
the  current  lags  90°  ;  and 
the  negative  power  at  T 
and  [/,  in  Fig.  86,  is  equal 
'S  to  the  positive  power  at  P 
and  Q,  so  that  the  actual 
power  is  zero.  All  that 
occurs  is  a  charging  and 
discharging  of  electro-magnetic  energy  in  the  coil,  the  amount  re- 
turned being  nearly  equal  to  that  stored.  It  should  be  noted  that 
the  frequency  of  the  power  curves  in  Figs.  85  and  86  is  twice  that 


FIf.  8S,    Powr  0/  Alf  mating  Cyntut  with  4S^  Lag. 
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This  angle  may  be  determined  graphically  by  a  triangle,  as  in- 
dicated in  Fig.  89,  simUar  to  Fig.  82 ;  but  in  this  case  the  reactance 

-cT—fj?'  ^^  ^^^  ^ff  downward,  since  it  produces  a  lead  instead  of  a  lag. 

Impedance  due  to  Resistance.,  Inductan^    and   Capacity. — 

When  a  certain  ohmic  resistance  is  in  series  with  a  condenser,  the 
impedance  or  combined  apparent  resistance  in  (^ms  is  given  by  an 
expression  corresponding  to  (40). 


Impedance  =  y/^2_|.  (1, 


t/k) 


(46) 


The  same  result  is  obtained  graphically  in  Fig.  89.  When  in- 
ductance and  capacity  are  both  present  in  a  circuit,  the  reactance 
of  one  tends  to  balance  that  of  the  other,  so  that  the  combined 
reactance  is  the  algebraic  sum  of  the  two,  that  is : 

Reactance  =  2>/Z  -  o— ^p.  (47) 

When  all  three  quantities  —  resistance,  inductance,  and  capacity 
—  are  present  in  a  circuit,  the  combined  impedance  is 


Impedance  =  \j R^-\-  (211/Z  -  ^ 


2ir/Z- 


Tangent  of  angle  of  lag  or  lead  =  - 


2irfK) 

1 
2'KfK 


r48) 
(49) 


The  graphical  solution  is  shown  in  Fig.  90 ;  the  inductance  re- 
actance being  laid  off  upward,  and  the  capacity  reactance  down- 


Fig,  89.    Impedance,  and  .fad 
Shown  Qraph.'caUy. 


Fig.  90.    Impedance  and  Lag  due  to 
Three  Quantities. 


ward,  the  difference  being  the  perpendicular  of  the  triangle  of 
which  the  hypothenuse  is  the  impedance  and  the  angle  4>  is  the  lag 
or  lead,  as  the  case  may  be.  For  convenience,  the  constant  2^/  is 
designated  as/. 
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Example.  —  A  circuit  consists  of  a  coil  having  20  ohms  resistance  and  .026 
henry  inductance  in  series  with  a  condenser  of  60  microfarad.  What  is  the 
combined  impedance  and  angle  of  lag  when  supplied  with  alternating  current 
at  a  frequency  of  100?  The  impedance  from  (48)  is  ^  202 -+-(16. 7  _  31.8)a  = 
26.6  ohms,  which  is  less  than  the  capacity  reactance  (31.8  ohms)  alone.  The 
tangent  of  the  angle  of  lead  (the  capacity  reactance  being  greater  than  the  in* 
ductance  reactance)  is 

16.7—81.8  16.1  „_ 

— 20 — =~^or=-®^^-    • 
Power  Factor  with  Resistancei  InductancCi  and  Capacity. — It 

has  already  been  stated  (42)  that  Power  =  EI  cos  4>,  when  the  cur- 
rent lags  on  account  of  inductance.  It  applies  also  to  a  leading 
current  in  a  capacity  circuit,  and  to  a  circuit  containing  resistance, 
inductance,  and  capacity.  All  that  is  necessary  is  to  determine  the 
angle  of  lag  or  lead  from  (49),  or  Fig.  90,  and  the  cosine  of  that 
angle  is  the  power  factor.  It  is  evident  that  the  angle  of  lag,  <^,  is 
small  when  the  induction  and  capacity  reactances  are  nearly  equal, 
so  that  they  practically  neutralize  each  other,  in  which  case  cos  <f>, 
the  power  factor,  is  almost  100  per  cent 

Resonance.  —  If  2w/L  =  ^ — ^r-p.  in  (48),  then 

and  the  impedance  of  the  circuit  reduces  to  R  simply,  just  as  if 
neither  inductance  nor  capacity  was  present.  In  other  words,  the 
two  reactances  exactly  neutralize  each  other.  The  electrostatic 
energy  in  the  condenser  discharges  when  the  electromagnetic 
energy  in  the  inductance  is  being  stored  up,  and  vice  versa.  This 
condition  is  called  electrical  resonance;  and  the  circuit  is  said  to  be 
tuned  for  the  particular  frequency  indicated  in  (50),  since  with  a 
given  E.M.F.y  the  current  will  be  much  stronger  for  that  fre- 
quency than  for  any  other,  the  impedance  being  a  minimum  and 
equal  to  the  resistance  only.     The 

induction-   or    capacity-reactance  R  L  K 

may  each  be  very  high,  in  which  AAAAATnPfTMi^S]-* 
case  the  difference   of   potential    ^  ^  "''"  ^ 

^  Fig.  91.    Reactances  In  Series. 

across    either   pair   of    terminals 

will  be  much  greater  than  the  impressed  E.M.F.,  since  the  drop 

in  voltage  for  each  part  of  the  circuit  is  equal  to  its  reactance 

multiplied  by  the  current.     This  can  best  be  made  clear  by  an 

example. 
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Example,  —  In  Fig.  91  a  non-inductive  resistance  ^  of  2  ohms  is  connected 
in  series  with  a  coil  Z,  having  .061  henry  inductance  (with  insignificant  resis- 
tance), and  with  a  condenser,  K^  of  60  microfarads.  What  are  the  conditions 
when  100  volts  alternating  E,M,F,  at  100  frequency  is  applied  to  the  terminals 
F  and  [/}  The  impedance  from  (48)  is  V22  -|-  (32.  —  81.8)2  =  %/4  -f  .04  =  2.01 
ohms.  This  is  only  .01  ohm,  or  one-half  of  one  per  cent  more  than  the  resistance 
alone.  With  100  volts  the  current  is  100  -r  2.01  =  49.8  amperes.  Since  the  re- 
actance of  the  coil  L  is  32  ohms,  the  potential  difference  across  its  terminals  S 
and  T'\s  82X49.8  =  1693.6  volts,  ^nd  between  the  terminals  Tand  6^  of  the 
condenser  K  it  is  31.8  X  49.8  =  1683.6  volts.  Each  of  these  is  nearly  sixteen 
times  as  great  as  the  impressed  voltage  at  P  and  [/,  which  is  only  100.  This 
multiplication  of  pressure  when  resonance  happens  to  occur  is  sometimes  the 
cause  of  breakdown  in  the  insulation  of  conductors  and  apparatus. 

Resonance  may  be  set  up  by  the  frequency  of  the  fundamental  wave  or  by 
that  of  any  upper  harmonics  (Fig.  80).  With  the  fundamental  frequency  and 
with  the  third  and  fifth  harmonics  present  as  is  often  the  case,  there  would  be 
three  values  of  the  frequency/ in  (60),  anyone  of  which  might  satisfy  the  equa- 
tion and  give  resonance,  if  the  product  L  K  happened  to  have  a  corresponding 
value. 


Circuits  Containing  Reactances  in  Series.  —  Equation  (48),  or 
the  graphical  methods  shown  in  Figs.  82,  89,  and  90,  may  be  used 
to  find  the  impedance  of  any  combination  of  resistances,  induc- 
tances, or  capacities  in  series.  In  such  a  case,  the  sum  of  all  the 
resistances  should  be  substituted  for  R,  the  sum  of  all  the  induc- 
tances for  Ly  and  the  sum  of  all  the  capacities  for  K  in  (48). 
These  total  values  may  be  used  also  in  the  diagram  represented  in 
Fig.  90.  The  E.M.F.  is  then  divided  by  the  total  impedance  thus 
found  in  order  to  obtain  the  current.  The  potential  difference  be- 
tween any  two  points  of  the  circuit  is  the  product  of  this  current 
and  the  impedance  between  those  points.  The  angle  of  lag  is 
found  by  (49)  using  total  values  for  i?,  Z,  and  K,  If  one  or  two 
of  these  quantities  are  not  present  in  any  case,  they  disappear  from 
the  equations  or  graphical  representations  without  affecting  those 
quantities  remaining. 

Reactance  E.M.F.  —  In  Fig.  92  the  horizontal  line  OA  is  laid 
off  in  proportion  to  the  resistance  of  a  certain  coil,  and  the  vertical 
line  OB  is  made  proportional  to  its  reactance  =  /Z,  in  which 
p  =  %tf.  When  the  rectangle  is  completed,  the  diagonal  OD 
represents  the  impedance  =  V^  -f  {pLf,  being  the  same  as  the 
hypothenuse  in  Fig.  82.  Assuming  a  current  of  one  ampere  in  the 
coil,  the  voltage  across  its  terminal  is  /V^^  ^  (//)^  which  is 
numerically  equal  to  the  impedance ;  hence  the  line  OD  in  Fig.  92 
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may  be  taken  to  represent  that  voltage.  Similarly  the  line  OA 
gives  the  drop  due  to  the  ohmic  resistance,  and  the  line  OB  shows 
the  voltage  required  to  overcome  the  reactance.  That  is,  the  im- 
pressed EM.F,  OD  is  resolved  into  two  components  at  right 
angles  to  each  other,  one  of  which,  IRy  overcomes  the  resistance, 
and  the  other,  /Z/,  overcomes  the  reactance.  The  reactance  is, 
in  fact,  an  opposing  E.M,F.,  having  an  effective  value,  OF,  equal 
but  directly  opposite  to  pLI,  and  lagging  90°  behind  the  current, 
the  phase  of  the  latter  being  represented  by  the  line  OA, 

These  relations,  which  are  very  important,  may  be  stated  as 
follows :  With  a  given  current  /  the  effect  of  resistance  is  equiva- 
lent to  a  counter  E.M.F.  equal  to  IR^  and  represented  by  the  line 
OG,  With  the  same  current,  the  reactance  is  actually  an  opposing 
E,M,F.  having  an  effective  value  equal  to  pLI,  and  indicated  by 


B' 

1 

^  y 

'y^ 

pLI 

^ 

<^ 

Q 

Q 

^ 

> 

r 

> 

y 

IR 

A 

s/ 

y 

F 

fig.  92.    Components  of  i.Ht.F. 

OF  The  combined  effect  of  the  two  is  equivalent  to  a  counter 
E.M.F.  equal  to  0/f,  which  is  their  resultant.  Hence  ODy  the 
impressed  E.M.F. ,  must  exactly  balance  OH]  that  is,  it  is  equal 
and  opposite  as  shown.  The  phase  of  the  impressed  E.M.F.  is 
represented  by  the  line  ODy  with  respect  to  which  the  current 
phase  OA  has  an  angle  of  lag  <^,  and  OFy  the  reactance  E.M.F.y 
has  a  further  lag  of  90°  behind  the  current. 

Precisely  similar  diagrams  and  reasoning  apply  to  the  capacity 
reactance  and  angle  of  lead  in  Fig.  89  and  to  the  combined  induc- 
tance and  capacity  reactances  in  Fig.  90. 

Composition  and  Resolution  of  E.M.F.  and  Current.  —  In  the 
manner  explained  above,  two  or  more  alternating  E.M.F .'%  may  be 
combined  to  form  a  resultant,  or  one  E.M.F.  may  be  resolved 
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into  two  or  more  components ;  and  the  same  is  true  of  alternating 
currents.  For  example,  two  alternators  are  running  in  series,  the 
value  and  phase  of  the  E,M,F,  of  one  being  represented  by  OM 
in  Fig.  98,  and  the  value  and  relative  phase  of  the  other's  E,M,F, 
being  represented  by  ON.  The  combined  effect  is  the  same  as 
that  of  one  E.M.F.  having  the  value  and  phase  OP^  which  is 
the  resultant  of  the  two.  If  OM  and  ON  represent  the  phase 
and  values  of  two  alternating  currents,  the  phase  and  amount  of  the 
resultant  current  are  given  by  OP,     This  method  applies  to  any 


'N 

F/gs.  93  and  94.    Components  ani  Resultants  of  E.M.F.  and  Current 

number  of  E.M.F 's  or  currents  having  any  phase  angles,  the 
various  components  being  combined  successively  in  pairs.  Instead 
of  constructing  a  complete  parallelogram,  it  is  sufficient  to  lay  off 
OT  to  represent  one  E.M.F. ^  and  TV  to  represent  the  phase  and 
value  of  another  E.M.F^y  then  OVis  their  joint  phase  and  amount. 
In  other  words,  their  resultant  is  the  vector  sum  OV  oi  the  two 
vectors  OT  and  TVy  representing  their  respective  values  and 
phases. 

Impedance  of  Parallel  Circuits With  two  or  more  simple 

resistances  in  parallel,  the  joint  conductance  is  the  sum  of  the  sev- 
eral conductances  ;  hence  the  joint  resistance  is  the  reciprocal  of 
the  sum  of  the  reciprocals,  that  is : 

ITITT^'  (51) 


R  = 


In  the  above,  R  is  the  joint  resistance  of  the  resistances  r^y  r,, 
etc.,  in  parallel.  If  no  inductance  or  capacity  is  present,  this  is 
true  of  alternating  circuits,  and  always  applies  to  steady  direct 
currents.  When  there  is  inductance  or  capacity  or  both  in  one 
or  more  of  several  alternating  circuits  in  parallel,  it  becomes  neces- 
sary to  consider  the  phases  of  the  currents  in  the  different  branches. 
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Two  inductive  coils  A  and  B  in  parallel  are  assumed  to  be  sup- 
plied with  an  alternating  voltage  by  the  conductors  C  and  D  in 
Fig.  96.  To  deduce  a  method  for  finding  their  joint  impedance, 
let  us  suppose  that  OWm  Fig.  96  represents  the  phase  and  value 
of  the  current  in  the  coil  A,  and  O  Y  the  phase  and  value  of  the 
current  in  B,  then  OX  gives  the  phase  and  value  of  the  resultant 


Figs.  96  and  96.    trnprn/anet  of  ParallBl  Cireults, 


current,  which  actually  flows  on  the  supply  wires  C  and  D,     If 
the  effective  potential  difference  between  C  and  D  is  one  volt,  and 

the  impedance  of  the  coil  A  is  /,  then  its  current  OWis  — >and 


is  y^,  then  its  current  OlVis  -jy 


if  the  impedance  of  B  is  y„  its  current  O  F  is  -v-.     The  resultant 

1  •^» 

current  OX  must  be  j^  in  which  J  is  the  joint  impedance  of  the 

two.  The  reciprocal  of  impedance  is  called  admittance  ;  therefore, 
the  joint  admittance  of  two  or  more  alternating  circuits  in  parallel  is 
the  resultant  of  their  several  admittances.  The  equivalent  impe- 
dance is  found  by  taking  the  reciprocal  of  the  joint  admittance. 
Many  combinations  of  resistance,  inductance,  and  capacity  in  series 
and  in  parallel  are  calculated  out  in  the  work  on  "Alternating 
Currents,"  by  Professors  D.  C.  and  J.  P.  Jackson,  pp.  151-220. 
The  following  examples  are  sufficient  to  show  the  method : 

Examples.  —  A  non-inductive  resistance  ^i  of  10  ohms  is  in  parallel  with 
an  inductive  resistance  of  10  ohms  and  .01  henry  as  indicated  in  Fig.  97.  What 
is  the  joint  impedance  and  angle  of  lag  for  an  alternating  current  having  a  fre- 


^AAAM 


R/IO  L-jOI  flt-10 

fig;  97,  98,  and '99.    IndMcUoa  amd  Mcn-liiduetlM  CIreyttB  In  Parallel. 

quency  of  127i?  The  impedance  of  the  lower  branch  may  be  determined  by 
constructing  the  triangle  shown  in  Fig.  98,  in  which  the  base  =  ^  =  10  and  the 
perpendicular  =  2ir/Z  =  800  Z  =  8.     Hence,  by  calculation  or  by  measurement 
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we  find  that  the  impedance, /2  =  12.8  and  the  angle  of  lag  08  =  38**4O'.    In  an- 
other diagram  (Fig.  99)  the  conductance  =  ^  =  .100  is  laid  off  horizontally  to 

represent  the  upper  branch,  and  the  admittance  —  -j  —  .078  is  laid  ofiF  at  an  angle 

^  =  38**40'  to  represent  the  lower  branch.    Completing  the  parallelogram,  it  is 

found  that  the  joint  admittance  =  -  =  .168,  so  that  the  joint  impedance/ =6.95 

ohms,  and  the  resulunt  angle  of  lag  ^  =  16^52'. 

In  Fig.  100  a  coil  R\  —  10  ohms,,  and  L  —  .01042  henry  is  in  parallel  with  a 
circuit  containing  a  resistance  ^2  =  10  ohms  and  a  condenser  having  a  capacity 
A!"  =150  microfarad,  what  is  the  joint  impedance  and  angle  of  lag  0  for  an 
alternating  current  having  a  frequency  of  127i  ?  The  impedance  of  the  coil  is 
found  to  be/i  =  13  ohms,  and  the  angle  of  lag  ^i  =  39®50i  in  Fig.  101,  and  the 
impedance  of  the  condenser  circuit  is/«  =  13  ohms,  and  the  angle  of  lead  ^  = 


R,«10  L-J01042 
Fig.  100. 


—  39®60f  in  Fig.  102.  The  corresponding  admittances,  each  of  which  is  1 -M3  = 
.077,  are  laid  off  in  Fig.  103  with  the  same  angles  of  lag  and  lead.    The  joint 

admittance  -,—  .117,  so  that  the  joint  impedance  /=  8.47  ohms,  and  the  result- 
ant angle  of  lag  0  =  0,  since  the  lag  of  one  circuit  balances  the  lead  of  the 
other.  At  100  volts  the  main  conductors  F  and  G  would  supply  100  -r  8.47  = 
11.7  amperes.  The  power  factor  is  100  per  cent  (cos0=l)  so  that  the  true 
power  would  be  100  x  11.7  =  1170  watts.  The  current  in  each  branch  would  be 
100 -r  13  =  7.7  amperes,  one  lagging  39°60',  and  the  other  leading  39^50^,  with 


fK^^\0 


respect  to  the  impressed  EM.F,  The  fact  that  the  actual  current  supplied 
(=  11.7  amperes)  is  not  equal  to  the  sum  of  those  in  the  two  branches  (2  x  7.7  = 
15.4  amperes)  shows  that  the  discharging  of  one  partly  acts  to  charge  the  other, 
which  is  always  the  case  when  parallel  circuits  are  not  in  the  same  phase. 

Other  combinations  of  resistance,  inductance,  and  capacity  may  be  treated 
in  a  similar  manner. 
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Self-Inductance  of  Lines  and  Circuits.  —  It  is  possible  to  calcu- 
late the  inductance  of  coils  of  wire,  but  difficult  to  do  so,  and  in 
most  cases  it  is  determined  by  comparison  with  standard  induc- 
tances. The  inductance  of  aerial  lines  is  easily  calculated,  since 
they  are  generally  parallel,  and  the  medium  has  a  fixed  permeabil- 
ity practically  equal  to  one.  Wires  laid  upon  a  wall  of  wood,  or 
other  non-conducting,  non-magnetic  substance,  or  otherwise  placed 
out  of  proximity  to  such  a  substance,  have  practically  the  same  in- 
ductance as  aerial  lines. 

The  following  formulas  may  be  used  to  determine  the  self- 
inductance  of  two  parallel  aerial  wires  forming  part  of  the  same 
circuit,  and  composed  of  copper  or  other  non-magnetic  material 

L  per   centimeter  =  ^.5  -h  2  log^  ~]  lO"*  (51) 

In  this  expression  L  is  the  self-inductance  in  henrys  per  centi- 
meter of  each  wire,  A  is  the  interaxial  distance  between  the  two 
wires,  and  r  is  the  radius  of  each.  The  dimensions  A  and  r  may 
be  expressed  in  terms  of  any  unit,  provided  it  is  the  same  for  both. 
Since  the  Napierian  logarithms  in  the  above  equation  are  2.302585 
times  the  common  logarithms,  and  as  it  is  more  convenient  to  use 
the  diameter  d  of  the  wire  instead  of  its  radius,  we  have  without 
appreciable  error  : 

I  2A\ 

L  per  centimeter  =  f  .5  -h  4.6 log -j-\  10-^  (52) 

L  per  foot  =  (l5.24  +  140.3  log  ^)  10-'  (53) 

L  per  mile  =  (80.5  +  740.  log  ^ )  lO"*    (54) 

For  each  of  two  parallel  iron  wires  we  have  the  following  expres- 
^ons,  in  which  the  only  change  is  the  first  constant : 

(2A\ 
75  +  2  log^  ~~T]^^~^  (^^) 

(2  A\ 
75  +  4.6  log-^jlO-*         (56) 

L  per  foot  =  (2286  +  140.3  log  ^ )  10-»  (57) 

L  per  mile  =  (l2070  -h  740  log  ^)lO-*    (58) 
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In  order  to  save  the  trouble  of  calculating  the  inductance  with 
various  sizes  of  and  distances  between  wires,  the  following  table  is 
given : 


ZKDUOTAirOE,  IK  yn.T.I  H  BUR YB  PER  IdliE,  FOR  EACH  OF  TWO  PARATJ.KT* 


Interaxial 

DisUnce. 

Inches. 

A.W.G. 

No.  0000 
Diam. 
0.460 
inches. 

000 
0.4096 

00 
0.3648 

0 
0.3249 

1 
0.2893 

2 
0.2576 

3 

0.2294 

4 
0.2043 

3 

0.907 

0.944 

0.982 

1.019 

1.066 

1.094 

1.131 

1.168 

6 

1.130 

1.168 

1.206 

1.242 

1.280 

1.317 

1.364 

1.392 

9 

1.260 

1.298 

1.335 

1.372 

1.410 

1.447 

1.485 

2.522 

12 

1.353 

1.391 

1.498 

1.466 

1.602 

1.54 

1.577 

1.614 

18 

1.484 

1.521 

1.558 

1.596 

1.633 

1.671 

1.708 

1.744 

24 

1.676 

1.614 

1.661 

1.688 

1.725 

1.764 

1.800 

1.838 

30 

1.648 

1.686 

1.723 

1.760 

1.797 

1.835 

1.871 

1.910 

36 

1.707 

1.746 

1.784 

1818 

1.856 

1.893 

1.931 

1.968 

48 

1.799 

1.83(5 

1.874 

1.911 

1.949 

1.986 

2.023 

2.061 

60 

1.871 

1.909 

1.946 

1.982 

2.023 

2  968 

2.096 

2.132 

72 

1.930 

1.968 

2.005 

2.042 

2.079 

2.116 

2.164 

2.192 

84 

1.971 

2.016 

2.063 

2.092 

2.128 

2.166 

2.203 

2.240 

96 

2.023 

2.069 

2.097 

2.134 

2.172 

2.210 

2.246 

2.283 

interaxial 

Distance. 

Inches. 

6 
0.1819 

6 
0.1620 

7 
0.1443 

8 
0.1285 

9 
0.1144 

10 
0.1019 

11 
0.9074 

12 
0.06061 

3 

1.206 

1.243 

1.280 

1.317 

1.366 

1.392 

1.429 

1.467 

6 

1.429 

1.466 

1.603 

1.540 

1.578 

1.615 

1.662 

1.690 

9 

1.569 

1.596 

1.634 

1.671 

1.709 

1.746 

1.783 

1.820 

12 

1.652 

1.689 

1.727 

1.764 

1.801 

1838 

1.875 

1.913 

18 

1.781 

1.820 

1.857 

1.894 

1.931 

1.968 

2.007 

2.044 

24 

1.876 

1.912 

1.949 

1.986 

2.026 

2.061 

2.099 

2.136 

30 

1.947 

1.984 

2.021 

2.058 

2.097 

2.134 

2.171 

2.208 

36 

2.006 

2.043 

2.079 

2.117 

2.155 

2.192 

2. '229 

2.266 

48 

2.099 

2.135 

2.172 

2.209 

2.248 

2.285 

2.322 

2.369 

60 

2.169 

2.208 

2.245 

2.282 

2.319 

2.356 

2.393 

2.432 

72 

2.229 

2.266 

2.303 

2.340 

2.376 

2.415 

2.462 

2.489 

84 

2.277 

2.312 

2.361 

2.389 

2.427 

2.464 

2.602 

2.539 

96 

2.321 

2.368 

2.396 

2.433 

2.470 

2.507 

2.646 

2.582 

Examples,  —  To  show  the  use  of  the  above  formulas  and  table,  let  it  be 
required  to  determine  the  inductance  of  an  overhead  line,  U  miles  long,  con- 
sisting of  two  No.  0000  copper  wires,  48  inches  apart.  Since  it  is  a  metallic 
circuit  with  two  conductors,  the  total  inductance  is  due  to  2  x  U  =  3  miles  of 
wire.    From  (54)  the  inductance  per  mile  is 

2.^N 


(Z  =  80.5  + 740  loT  ^^^)lO 
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Substituting,  in  this  expression,  the  value  of  the  distance  between  the  wires 
^  =  48  inches,  and  the  diameter  of  each  wire,  ^=  .46  inch,  we  have 

L  per  mile  =  (80.5  +  740.3  log  -|g)  ^^  ~  *  =  001799  henry. 

This  is  equal  to  1.799  millihenry,  and  is  the  same  value  as  th^t  given  in  the  first 
column  of  the  table,  and  shows  how  those  figures  were  obtained.  The  total 
inductance  of  the  circuit  is  3  x  1.799  =  6.397  millihenrys. 


Impedance  of  Circuits.  —  Having  obtained  the  inductance 
of  a  given  line  or  circuit,  by  calculation  or  from  the  table,  the 
reactance  from  (38)  is  2ir  /  Z,  and  the  impedance  from  (39)  is 
V^  +  (2  irfLf,  The  resistance  R  may  be  found  in  the  table 
on  page  8.  Tables  are  often  given  showing  the  impedance  of 
lines>  but  in  order  to  cover  the  various  frequencies,  sizes  of  wire> 
and  distance  apart,  they  become  too  bulky  to  include  in  the 
present  volume. 

Mutual  Inductance  of  Circuits.  —  The  inductive  effect  of  one 
circuit  upon  another  separate  circuit  is  called  mutual  inductance. 
The  most  familiar  example  in  electrical  engineering  is  to  be  found 
in  the  action  between  the  primary  and  secondary  coils  of  a  trans- 
former, and  will  be  considered  later  under  that  head.  If  two  con- 
ductors run  parallel  to  each  other,  as,  for  example,  two  overhead 
lines  upon  the  same  poles,  an  alternating  current  in  one  tends  to 
induce  an  alternating  E.M.F,  in  the  other,  the  direction  of  which 
is  opposite  to  that  of  the  inducing  current.  Consequently  two 
parallel  alternating  currents  which  are  exactly  in  phase  tend  to 
oppose  each  other;  but  if  they  differ  by  180°  in  phase,  that  is^ 
flow  in  opposite  directions  at  the  same  time,  they  tend  to  aid  each 
other.  The  currents  in  two  or  more  parallel  wires  leading  from 
the  same  terminal  of  an  alternating  current  source  would  have 
about  the  same  phase,  assuming  their  angles  of  lag  to  be  nearly 
equal,  hence  they  tend  to  oppose  each  other.  This  opposition  has 
the  effect  of  increasing  the  drops  in  voltage  similar  to  that  due  to 
self-induction ;  in  fact,  the  action  of  these  wires  upon  one  another 
is  practically  the  same  as  that  of  one  element  of  a  wire  upon  the 
other  elements,  but  in  the  latter  case  it  is  called  self-induction. 

In  practice,  two  alternating  currents  from  independent  gene- 
rators would  not  be  likely  to  remain  exactly  in  phase,  except  for  a 
few  seconds  at  a  time,  so  that  their  mutual  induction  upon  each 
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Other  would  produce  opposing  effects  at  one  time,  aiding  effects  at 
another,  and  so  on  as  the  phase  changed.  Supposing  the  frequency 
of  one  current  to  be  100  and  of  the  other  100^  periods  per  second, 
the  difference  would  be  one  period  in  two  seconds,  so  that  the 
voltage  on  each  circuit  would  be  raised  once  and  lowered  once 
every  two  seconds,  causing  very  objectionable  flickering  in  incan- 
descent lamps.  This  is  avoided  by  increasing 'the  difference  in 
frequency  between  the  two  currents.  For  example,  if  one  were 
raised  5  per  cent  and  the  other  lowered  6  per  cent,  the  difference 
would  be  10  periods  per  second,  and  the  fluctuations  in  voltage 
occurring  at  that  rate  would  be  hardly  noticeable.  It  is  better, 
however,  to  have  a  still  higher  rate  of  16  or  20  per  second  in  order 
not  to  be  perceptible  or  injurious  to  the  eye.  It  is  also  possible 
to  eliminate  this  effect  by  arranging  or  transposing  the  wires  as 
described  later. 

Means  of  Reducing  Self-Inductance.  —  In  equations  (51)  to 
{58)  it  is  evident  that  self-inductance  is  decreased  by  diminish- 
ing A  the  interaxial  distance  between  two  wires  forming  a  metallic 
circuit.  This  somewhat  paradoxical  fact  is  understood  when  we 
consider  that  self-induction  is  proportional  to  the  number  of  mag- 
netic lines  linked  with  a  circuit,  as  defined  on  page  116.  Conse- 
quently, the  greater  the  distance  between  the  two  wires  which 
constitute  it,  the  more  lines  will  be  enclosed.  Hence  the  wires 
should  be  as  close  together  as  possible  in  order  to  reduce  self-in- 
ductance, the  limit  being  the  distance  necessary  for  proper  insula- 
tion, and  in  the  case  of  overhead  wires  they  must  be  sufficiently 
far  apart  not  to  swing  too  near  each  other. 

If  two  insulated  wires  are  laid  side  by  side,  or  twisted  together, 
their  self-inductance  becomes  insignificant ;  and  if  coficentric  con- 
ductors are  used,  it  disappears  entirely,  since  the  tendency  to  pro- 
duce magnetic  lines  by  one  is  neutralized  by  the  other,  the  currents 
being  equal  and  opposite.  One  wire,  carrying  an  alternating  cur- 
rent and  running  through  an  iron  pipe,  will  have  large  self-induc- 
tance, on  account  of  the  great  number  of  lines  which  are  set  up 
around  it ;  but  if  both  wires  of  a  metallic  circuit  are  put  in  the 
pipe,  the  self -inductance  is  very  small. 

Another  way  to  reduce  the  drop  due  to  self-induction  is  to  sub- 
divide the  conductor,  using  several  smaller  wires  having  the  same 
total  sectional  area. 
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Example,  —  An  overhead  line  1  mile  long  consists  of  two  No.  0000  wires 
forming  a  metallic  circuit,  the  distance  between  the  wires  being  24  inches. 
One  mile  of  No.  0000  has  .258  ohms  resistance  at  20*'  C,  so  the  resistance  of 
the  circuit  is  2  x  .268  =  .610  ohms.  The  self-inductance  per  mile  from  the 
table  on  page  130,  is  1.576  millihenrys,  or  .003152  henrys  for  the  circuit.  At  a 
frequency  of  100  the  impedance  is  V-^l^  +  ^"^^  ^  .003152)2  =  2.05  ohms. 
With  a  current  of  40  amperes  the  drop  due  to  resistance  is  40  x  .616  =  20.64 
volts,  and  the  total  drop  is  40  x  2.06  —  82  volts.  Using  eight  No.  6  wires  in 
parallel  the  joint  resistance  would  be  .52  ohms,  being  almost  exactly  the  same 
as  before,  or  .62  x  8  =  4.16  ohms  for  each  wire.  Assuming  the  distance  apart 
to  be  the  same,  or  24  inches  for  each  pair,  and  neglecting  the  mutual  induc- 
tance between  the  pairs,  the  self-inductance  from  the  table  would  be 
1.912  millihenrys  per  mile,  or  .003824  for  the  circuit,  and  the  impedance 
Vr4162"-r(T628  X  T003824")5i  =  5  ohms.  The  current  in  each  wire  is  40  -f  8  =  6 
amperes,  so  the  resistance  drop  is  5  x  4.16  =  20.8  volts,  and  the  total  drop  is 
6  X  5  =  26  ohms.  In  this  case  the  resistance  drop  is  practically  the  same 
as  before,  and  the  impedance  drop  is  only  25  volts,  or  about  20  per  cent  greater 
than  the  simple  resistance  drop,  while  in  the  previous  case  it  was  82  volts,  or 
four  times  the  resistance  drop. 

The  above  example  proves  the  great  reduction  in  inductance 
drop  effected  by  subdividing  the  conductor.  This  is  sometimes 
said  to  be  due  to  the  use  of  smaller  wires,  but  this  is  not  true ;  in 
fact,  the  inductance  itself  is  increased  by  reducing  the  size  of  wire, 
as  shown  in  the  foregoing  example,  and  in  equation  (53).  In  reality, 
the  impedance  drop  in  the  second  case  would  probably  be  greater 
than  that  calculated,  on  account  of  the  mutual  inductance  between 
the  corresponding  wires  of  each  pair ;  but  this  need  not  be  very 
great  if  they  are  not  put  close  together,  and  may  be  practically 
neutralized  by  arranging  or  transposing  the  wires,  as  explained 
under  the  next  heading. 

Another  method  of  reducing  the  effect  of  inductance  is  to 
balance  it  by  the  effect  of  capacity.  It  was  shown  in  connection 
with  Fig.  90  and  equations  (46)  and  (49),  that  certain  values  of 
capacity  in  a  circuit  may  completely  or  partially  neutralize  the 
reactance  due  to  inductance. 

In  the  Stanley  electric  power  system  condensers  are  used  upon 
the  circuit  in  connection  with  the  motors  to  balance  their  induc- 
tance, so  that  the  watless  current  is  much  reduced.  In  other 
words,  the  power-factor  is  raised,  and  the  drop  on  the  line  is  dimin- 
ished. The  amount  of  capacity,  AT,  in  farads,  required  to  neutralize 
a  certain  inductance,  Z,  in  henrys,  at  a  frequency,  /,  is  obtained 
from  (49)  and  has  the  following  value: 
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Synchronous  alternating  current  motors  may  also  be  used  to 
balance  inductance,  since  they  have  the  effect  of  capacity  in  caus- 
ing the  current  to  lead  when  their  field  magnets  are  over  excited. 
By  regulating  the  field  excitation  the  power-factor  can  be  raised  ta 
practically  100  per  cent.  The  same  effect  is  produced  by  rotary 
converters,  and  will  be  considered  more  fully  later  in  connection 
with  the  polyphase  transmission  and  direct-current  distribution 
system. 

Means  of  Reducing  Mutual  Inductance.  —  The  simplest  plan  is 
to  increase  the  distance  between  the  conductors,  as  already  stated ; 
but  this  is  limited  by  practical  considerations,  such  as  requirements 
for  carrying  the  wires  on  the  same  pole.  In  such  cases  the  effect 
of  mutual  induction  would  be  great  if  the  wires  were  arranged  as 
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Fig:  104,  106,  and  106.    Arrangement  of  Conductor  a  to  Neutralize  Induction. 

represented  in  Fig.  104,  in  which  A  and  B  indicate  the  wires  of 
one  circuit,  and  C  and  D  those  of  another  parallel  circuit.  The 
wire  A  being  very  near  the  corresponding  wire  C  of  the  other  cir- 
cuit, would  tend  to  set  up  an  opposing  E.M.F.  in  it,  and  C  would 
react  upon  ^  in  a  similar  manner.  The  mutual  induction  of  B 
and  D  would  also  have  the  same  effect.  If,  however,  the  wires 
are  placed  equidistant,  as  shown  in  Fig.  105,  any  one  conductor,  -£*, 
will  be  acted  upon  equally  by  both  wires,  G  and  H,  of  the  other 
circuit,  since  they  are  at  the  same  distance  from  it.*  Consequently 
mutual  induction  between  the  two  circuits  is  neutralized.  This  can 
also  be  accomplished  by  transposing  the  wires  with  respect  to  each 
other,  at  certain  intervals,  as  shown  in  Fig.  106,  in  which  the  por- 
tion N  of  one  wire,  counteracts  the  effect  of  the  part  Q  of  the 
other  wire  of  ^the  same  circuit.  Consequently  the  inductive  action 
upon  the  other  circuit,  yA'  and  LM,  is  nil. 
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It  should  be  noted,  however,  that  the  self-induction  of  either 
circuit  is  not  materially  altered  by  these  arrangements,  being  de- 
pendent upon  the  average  distance  between  the  two  wires  of  each 
circuit,  and  not  upon  the  presence  of  the  other  circuit. 

"Skin  Effect"  is  the  name  given  to  the  phenomenon  accord- 
ing to  which  alternating  currents  tend  to  have  a  greater  density 
near  the  surface  than  they  have  along  the  axis  of  a  conductor.  If 
we  imagine  a  wire  to  be  made  up  of  elementary  filaments  parallel 
to  its  length,  it  is  evident  that  the  central  or  axial  filament  will  be 
surrounded  by  a  greater  number  of  magnetic  lines  than  an  element 
at  the  surface,  since  each  filament  tends  to  set  up  lines  around 
itself.  This  fact  produces  no  effect  upon  a  steady  current  after 
it  has  been  established,  there  being  no  variation  in  the  number  or 
position  of  the  lines.  Hence  a  steady  current  has  a  perfectly  uni- 
form distribution  throughout  the  entire  cross-section  of  a  conductor 
having  a  uniform  specific  resistance. 

In  the  case  of  an  alternating  current,  the  additional  lines  of 
force  that  inclose  the  filaments  near  the  axis  are  rev'ersed  twice 
during  each  period,  the  effect  being  to  generate  a  greater  back 
E.M.F.  of  self-induction  than  for  the  outer  filaments  of  the  wire. 
Consequently  the  current  density  is  less  near  the  axis  than  it  is 
near  the  surface.  With  high  frequency  and  large"  conductors  this 
action  may  be  so  great  that  there  is  actually  a  back  flow  of  current 
at  or  near  the  axis.  But  with  ordinary  sizes  of  wire  and  frequen- 
cies, the  effect  is  small. 

This  "  skin  effect "  is  generally  treated  as  an  increased  appar- 
ent resistance  of  a  conductor,  being  called  its  virtual  resistance  / 
and  since  it  involves  a  larger  drop  in  voltage  and  a  greater  loss  of 
energy,  it  is  practically  the  same  as  true  resistance. 

In  Fig.  107,  which  shows  graphically  the  values  of  virtual 
resistance,  R^  is  the  apparent  or  virtual  resistance  for  a  given 
alternating  current,  R^  is  the  true  ohmic  resistance  of  a  copper 
conductor  at  20°  C.  (68°  F.),  A  is  the  area  of  cross-section  of  the 
latter  in  circular  mils,  and /is  the  frequency. 

A  conductor  one  inch  in  diameter  has  a  cross-section  of  one 
million  circular  mils,  so  that  at  a  frequency  of  100,  the  product  of 
A  and  /,  is  100,000,000.  Referring  to  Fig.  107,  we  find  that 
R^  -i-  R^  =  1.21  ;  that  is,  the  virtual  resistance  is  21  per  cent 
greater  than  the  true  resistance,  consequently  this  is  too  large  a 
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conductor  to  use  at  that  frequency.  On  the  other  hand,  No.  0 
wire  has  a  sectional  area  of  105,500  circular  mils,  and  with  the 
same  frequency  of  100,  the  product  A  f  =^  10,560,000,  which 
would  give  a  virtual  resistance  less  than  one-half  of  one  per  cent 
greater  than  the  true  value,  and  need  not  be  considered  practically. 
Frequencies  higher  than  135  are  rarely  used  in  practice,  and  with 
a  conductor  one-half  inch  in  diameter  f  A  =  135  X  250,000  = 
33,750,000,  and  R^  -i-  R^  =  1.03  approximately.  The  conclusion 
is  that  with  conductors  smaller  than  one-half  inch  diameter,  the 
increased  resistance  due  to  "  skin  effect  '*  is  less  than  3  per  cent 
for  commercial  frequencies.  If  a  larger  cross-section  than  this  is 
required  it  should  be  subdivided  among  several  wires  in  parallel,  or 
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the  conductor  may  be  made  hollow  or  in  the  form  of  a  flat  bar,  the 
"  skin  effect  "  being  greatly  reduced  thereby.  It  has  already  been 
shown,  on  page  132,  that  the  self-inductance  drop  is  reduced  by 
subdividing  conductors,  but  the  present  phenomenon  is  a  different 
one,  and  should  be  considered  separately. 

With  iron  conductors  the  virtual  resistance  is  much  greater 
than  with  copper  or  other  non-magnetic  metal;  but  iron  is  not  often 
used  to  carry  alternating  currents,  and  the  exact  value  of  the  per- 
meability is  not  easily  determined,*  so  that'  formulas  will  not  be 
given. 

Capacity  of  Overhead,  Underground,  and  Submarine  Conductors. 
—  It  is  possible  to  predetermine  the  electrostatic  capacity  of  elec- 
*  Merritt,  Physical  Review,  November,  1899. 
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trical  conductors,  and  almost  all  cases  will  come  under  one  of  the 
following  heads : 

Case  1.  Insulated  conductor  with  metallic  protection ;  for  ex- 
ample, an  iron-armored  submarine  cable,  or  a  lead-covered  under- 
ground conductor,  having  the  metallic  •  sheathing  connected  with 
the  earth,  which  is  the  usual  condition. 

Case  2.    Single  aerial  conductor  with  earth  return. 

Case  8.  Metallic  circuit  consisting  of  two  parallel  atrial  con- 
ductors. 

In  the  following  expressions,  K  is  the  capacity  in  farads,  k  is 
the  dielectric  constant,  D  is  the  internal  diameter  of  the  metallic 
covering,  d  is  the  diameter  of  the  conductor,  //  is  the  height  above 
the  ground  of  an  aerial  wire,  and  A  is  the  interaxial  distance  be- 
tween two  parallel  wires.  In  cases  2  and  3,  the  medium  being  air, 
>fe  =  1,  and  does  not  appear  in  the  equations.  This  assumes  that 
the  conductors  are  bare ;  but  if  they  are  covered  with  insulation  of 
ordinary  thickness  it  would  only  slightly  increase  the  capacity,  k 
being  greater  than  1  for  insulating  materials.  The  proximity  of 
other  conductors  may  increase  the  capacity  considerably,  but  their 
effect  is  difficult  to  calculate. 

Case  1.    Insulated  con-      „  ^.     ^  241.5  k  10-" 

A  per  centimeter  = —      ^^^^ 

ductor  with  metallic         ^  ,      D  (59) 

covering.  d 

,    ^       7,361.  >&  10-** 
AT  per  foot  =  _^^     (60) 

„           .,         88.88  k  10-^ 
A  per  mile  = — 

log^  <«'> 

Case   2.    Single   aerial      „  ^.      ^  241.5  x  10-" 

*^.  ,  y      K  per  centimeter  = 

conductor  with  earth  .      \h         (62) 

return.  d 

^  per  foot  =  ^'^^^x/^"    ,, 

log  i^      <63) 

d 

„           .,         88.83  X  10-* 
A  per  mile  =  — —     ^^ 

logl^'         (64) 
d 
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Case   8.    Two  parallel 

aerial     conductors     AT  per  centimeter  ^  120.8  x  10-" 
forming  metallic  cir-             of  each  wire  '      2^4        /g5\ 

cuit.  ^^  ~d 

K  per  foot  _  3681.  x  10"^ 
of  each  wire  ""         Iq    ?jl        (^^) 

d 

K  per  mile  19.42  x  10-» 


of  each  wire  ,      2A        (67) 

log—        ^. 


Examples,  —  What  is  the  capacity  of  one  mile  of  No.  0  (A.  W.  G.)  lead- 
covered  cable,  with  rubber  insulation  .16  inch  thick?  Substituting  in  (61)  for 
d,  the  diameter  of  No.  0  wire  =  .325  inch,  and  for  D  the  external  diameter  of 
the  insulation  =  .826  +  (2  x  .  16)  =  .625  inch,  and  for  k  the  dielectric  constant 
of  pure  rubber  =  2.5,  we  have : 

K  per  mile  =  ,,o%^=  342.  x  10-»  farad  =  .342  microfarads. 

What  is  the  capacity  of  one  mile  of  single  overhead  bare  No.  0  wire,  10 
feet  above  the  ground,  with  earth  return  ?  Substituting  in  (64)  the  values  of 
A  and  d,  both  in  inches^  we  have : 

OQ   QQ   y   10—9 

K  per  mile  =  4  x  120  =  ^2-2  x  1(M>  farad  =  .0122  microfarad. 

•°8-32r 

What  is  the  capacity  of  two  parallel  overhead  bare  No.  0  wires,  12  inches 
apart,  and  each  one  mile  long?    Substituting  in  (67),  we  have : 

2  X  1ft  4^  X  10    ft 

K-- —     OS.  10       =  20.8  X  10-^  farad  =  .0208  microfarad. 
^^^^325- 

Heans  of  Reducing  Capacity.  —  It  is  evident  from  equation 
(69)  that  the  capacity  of  a  given  length  of  insulated  conductor  with 
metallic  covering  is  decreased  by  diminishing  >&,  the  dielectric  con- 
stant of  the  insulation,  by  increasing  Dy  the  internal  diameter  of 
the  metallic  covering,  or  by  reducing  rf,  the  diameter  of  the  con- 
ductor. Since  the  capacity  varies  in  direct  proportion  to  *,  the 
insulating  material  should  have  the  minimum  dielectric  constant. 
Unfortunately  the  best  insulators  usually  have  high  values  for  ky 
notably  india  rubber,  gutta-percha,  paraffin,  and  mica.  The  dielec- 
tric constant  of  paper  is  comparatively  low,  and  largely  for  that 
reason  it  is  used  for  insulating  the  wires  in  a  telephone  cable. 
Paper  is  also  used  for  the  insulation  of  electric  light  and  power 
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cables,  and  would  have  special  advantages  when  it  is  desired  to 
make  the  capacity  as  low  as  possible.  This  question  will  be  con- 
sidered further  under  the  head  of  insulated  and  underground  con- 
ductors. 

The  reduction  of  capacity  by  diminishing  rf,  the  diameter  of  the 
conductor,  is  limited  in  practice  by  the  necessity  for  using  a  cer- 
tain size  in  order  to  give  sufficient  current  capacity,  and  not  have 
too  much  resistance.  It  is  also  a  fact  that  it  is  not  practicable  to 
materially  reduce  electrostatic  capacity  by  augmenting  Z>,  or  in 
other  words,  by  increasing  the  thickness  of  the  insulation.  Fig. 
108  represents  a  lead-covered  cable,  in  which  d  is  the  diameter  of 


Fig^.  108  and  109.    Reducing  Capacity  by  Increasing  Thickness  of  Insulation. 

the  copper  conductor,  and  D  is  the  internal  diameter  of  the  lead 
covering.  If  the  former  is  i  inch,  and  the  latter  ^  inch,  the  thick- 
ness of  insulation  is  J  inch.  In  Fig.  109  the  thickness  of  insula-, 
tion  is  twice  as  great,  or  i  inch  ;  so  that  D'  becomes  J  inch,  d' 
being  i  inch  the  same  as  d.  The  capacity  in  the  two  cases  will 
be  in  the  ratio 

1111 


,      D  '        D'      log  2   *    log  3 
log^      log^ 


=   3.3  :  2.1 


That  is,  the  capacity  is  reduced  only  36  per  cent  by  doubling  the 
thickness  of  insulation.  The  volume  of  insulation  in  the  two  cases 
would  be  in  the  proportion  (B'  —  d^  :  (D'^  —  d'^)  =  3:8,  which  is 
an  increase  of  267  per  cent,  or  almost  three  times  as  much.  Since 
the  amount  of  insulating  material  affects  directly  the  cost  and  size 
of  the  cable,  it  would  seldom  f)ay  to  nearly  treble  this  material  in 
order  to  diminish  the  capacity  to  the  extent  of  only  36  per  cent. 
Hence  in  almost  all  cases  the  thickness  of  insulation  is  determined 
by  its  insulating  qualities,  and  strength  to  withstand  breakdown 
by  electrical  and  mechanical  pressures. 
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To  reduce  the  capacity  of  overhead  wires,  the  distance  between 
them  and  from  the  ground  should  be  increased.  But  even  in  this 
case  the  reduction  is  small  compared  with  the  increase  in  distance. 
Assume  a  horizontal  wire  \  inch  in  diameter,  and  one -mile  long,  to 
be  stnmg  30  feet  above  the  earth,  and  another  wire  of  the  same 
size  and  length  to  be  strung  60  feet  above  the  earth.  From  (64) 
the  capacities  in  the  two  cases  will  be  respectively  : 

38  83  X  10""* 

— 1 — 7200 —  ~  ^^'^  ^  10-"*  farad  =  .0101  microfarad,  and 

88  88  X 10""' 

— ; — .  ..^^       =  9.8  X  10- •  farad  =  .0093  microfarad, 
log  14400 

The  difference  between  the  two  values  is  only  about  8  per  cent, 
although  one  wire  is  twice  as  high  as  the  other.  The  capacity 
with  respect  to  each  other  of  two  parallel  overhead  wires  3  feet 
apart,  each  being  \  inch  in  diameter  and  one  mile  long,  is  found 
from  (67)  to  be 

19  42  X  10""  • 

-^^i o^Tc =  7.6  X  10 -•  farad  =  .0076  microfarad. 

log  860 

Increasing  the  distance  between  the  wires  to  6  feet,  the  capacity 
becomes 

19  42  X  10  "  • 

— ^-^ =^v^ —  =  6.8  X  10-"'  farad  =  .0068  microfarad. 

log  720 

In  this  case  the  capacity  is  reduced  lO^-  per  cent  by  doubling  the 
distance  between  the  wires.  From  these  examples  it  is  evident 
that  this  way  to  diminish  capacity  is  hardly  economical  where  the 
cost  of  construction  is  greatly  affected  by  the  height  and  distance 
apart  of  wires,  as  is  the  case  in  pole  lines.  The  method  of 
balancing  the  reactance  of  capacity  and  inductance,  already  set 
forth  on  page  133,  can  be  applied  to  reducing  the  effect  of  capacity 
in  electrical  circuits. 
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CHAPTER     VIII. 

PRINCIPI.B8  OF  ALTBiUfATINa  POL7FHA8B  CURBBNTB. 

The  advantages  of  two-  and  three-phase,  or  other  polyphase  sys- 
tems, apply  solely  to  the  operation  of  motors.  In  fact,  such  cur- 
rents are  positively  disadvantageous  for  supplying  arc  or  incandes- 
cent lamps.  Consequently  this  subject  comes  under  the  head  of 
electric  pov/er  rather  than  electric  lighting.  However,  electric 
lamps  are  often  used  upon  the  same  circuits  with  polyphase  motors, 
and  in  many  cases  energy  is  transmitted  over  long  distances  by 
polyphase  currents,  to  be  converted  into  direct  currents  for  local 
distribution  to  lamps ;  so  it  is  necessary  in  the  present  volume  to 
consider  the  principles  of  polyphase  systems,  and  the  methods  of 
operating  lamps  upon  them. 

A  two-phase  current  may  be  regarded  as,  and  in  most  cases 
actually  consists  of,  two  ^/i>i^/  single-phase  currents,  flowing  in 


B  H 

Fig.  110.    Tiuo-Phaae  Current. 


separate  circuits.  There  is  often  no  electrical  connection  between 
them,  their  only  relation  being  that  of  time.  That  is,  they  differ 
in  phase.  This  condition  is  shown  in  Fig.  110,  in  which  the  curve 
ABCD  represents  one  alternating  current,  and  EFGHI  represents 
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another,  the  difference  in  phase  being  90°,  the  maximum  value 
G  of  the  second  occurring  90°  behind  the  maximum  point  A  of  the 
first,  and  so  on  for  other  corresponding  points.  If  there  is  no  lag 
of  either  current,  the  same  curves  can  be  taken  to  represent  the  two 
E,M.FSi  and  with  the  same  lag  for  both  currents  they  would  still 
be  90°  apart  in  phase.  If  the  lags  were  not  equal,  then  the  phase 
relation  would  be  altered  correspondingly.      The  two  E.M.F.s  or 
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Fig.  111.    Two-Pha89,  Four-Wire  Circuit. 

currents  might  have  different  maximum  values,  or  different  wave 
forms,  but  in  practice  they  are  usually  made  as  nearly  alike  as  pos- 
sible. It  is  evident  also  that  the  difference  in  phase  might  be  made 
anything  between  0°  and  360°  ;  but  it  is  almost  always  designed  to 
be  90°,  or  one-quarter  of  a  period,  and  for  that  reason  is  often 
QsHXtAz.  quarter-phase  current.  Two-phase  currents  may  be  gene- 
rated by  two  separate  alternators,  but  in  order  to  preserve  the  phase 
relation  it  would  be  necessary  to  have  their  shafts  coupled  or  posi- 
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Fig.  712.    Two-Phase,  Three-Wire  Circuit. 

tively  connected  together.  In  practice,  a  two-phase  current  is  usu- 
ally generated  by  two  separate  windings  upon  one  armature,  the 
machine  having  the  same  general  form  as  a  single-phase  alternator. 
The  two  circuits  may  be  kept  entirely  separate,  as  in  Fig.  Ill, 
lamps  L  being  connected  to  each,  in  which  case  four  wires  are 
required.     In  order  to  save  one  wire  it  is  possible  to  use  a  common 
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return  conductor  for  both  circuits,  as  in  Fig.  112,  the  dotted  por- 
tion of  one  wire,  Z>,  being  eliminated  by  connecting  across  to  C  at 
M  and  N.  For  long  lines  this  is  economical,  but  the  interconnec- 
tion of  the  circuits  increases  the  chance  of  trouble  from  grounds 
or  short  circuits.  It  is  also  a  fact  that  the  current  in  the  conductor 
C  will  be  the  resultant  of  the  two  currents,  dif- 
fering by  90°  in  phase.  From  the  principle 
shown  in  Fig.  93,  the  value  of  this  resultant 
is  found  in  Fig.  113  to  be  OR  ^  ^  OP  ^ 
1.41  X  OP  the  two-phase  currents  being  repre- 
sented by  the  components  OP  and  OQ  at  right 
angles  to  each  other.  Consequently  the  result- 
ant current  in  C  is  1.41  times  that  flowing  in 
either  ^  or  -£"  in  Fig.  112  and  the  cross-section  of  the  wire  C 
should  be  41  per  cent  greater. 

A  three-phase  current  consists  of  three  alternating  currents, 
differing  in  phase,  as  indicated  in  Fig.  114.  One  current  is  repre- 
sented by  the  curve  JKL,  another  by  the  curve  MNO,  and  the 
third  by  the  curve  PQR,  the  maxima  points  y,  M,  and  Q  (or  other 
corresponding  points)  being  120°  apart  in  the  ideal  case,  and  ap- 


Flg.  113.     Resultant  of 
Two-Phase  Currents. 
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Fig.  114.    Three-Pkase  Currents. 


proximately  so  in  practice.  These  three  currents  might  be  carried 
in  three  entirely  separate  circuits  requiring  six  wires,  being  analo- 
gous to  the  two-phase,  four-wire  system  in  Fig.  Ill ;  or  one  com- 
mon return  conductor  may  be  used,  thereby  saving  two  wires,  and 
reducing  the  total  number  to  four,  as  shown  in  Fig.  115.  The 
armature  windings  and  their  phase  relation  are  represented  dia- 
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grammatically  by  the  coils  MA^  MB^  and  MC^  the  three  main  con- 
ductors by  AE^  BGy  and  CFy  the  common  conductor  being  indicated 
by  the  dotted  line  MN,  The  lamps  Z,  Z,  Z,  are  connected  across 
between  the  common  point  N  and  the  three  main  conductors. 

If  the  three  circuits  are  balanced  (i.  e.,  have  equal  currents)  the 
common  conductor  MN  will  carry  no  current,  and  may  be  dis- 
pensed with.     This  is  a  most  interesting  and  important  featxure  of 


Fig,  116.    Thr— 'Phase  GinutU  wtth  V  Connection, 

the  three-phase  system.  The  simplest  way  to  understand  it  is  to 
consider  that  each  wire  acts  as  the  return  conductor  for  the  other 
two.  In  other  words,  the  algebraic  sum  of  the  three  currents 
meeting  at  the  common  point  N  is  equal  to  zero ;  consequently 
Kirchhoff's  law  is  fulfilled.     This  fact  is  shown  in  Fig.  114,  the 

algebraic  sum  of  the  ordinates  of  the 
three  curves  being  equal  to  zero  at  any 
point.  For  example,  at  SR  the  ordinate 
of  curve  MNO  is  zero,  and  the  ordinates 
of  the  other  two  are  equal  in  value,  but 
opposite  in  sign.  At  TK  the  sum  of 
the  two  positive  ordinates  of  the  curves 
MN  and  PQ  are  equal  to  the  negative 
ordinate  of  the  other  curve  /JCL,  be- 
cause XT  =  sin  30°  =  i  and  XK  =  sm 
90°  =  1,  and  so  on  for  other  points. 
The  same  principle  is  proved  in  Fig. 
116,  in  which  a  balanced  three-phase 
current  is  represented  by  three  equal  vectors  at  120°  with  respect 
to  each  other.  Two  of  these  currents,  OT  and  OU,  are  equivalent 
to  their  resultant  OR,  which  is  equal  and  opposite  to  the  third  cur- 
rent OS ;  consequently  the  resultant  of  all  three  currents  is  zero. 
In  the  operation  of  motors  the  three  currents  are  usually  equal, 
all  three  wires  being  connected  to  each  machine,  so  that  the  fourth 


Fig.  116.    Resultant  Current, 
Three-Phase. 
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wire  MNy  in  Fig.  115,  is  superfluous  ;  but  for  electric  lighting  this 
extra  conductor  is  required,  unless  the  lamps  on  the  three  circuits 
are  balanced.     If  the  currents  in  the  three  branches  are  not  equal, 


Pig.  117.    Three-PhoMB  Circu.ta  with  A  Connection. 

then  the  wire  MN  carries  the  difference  between  them,  so  that  its 
function  corresponds  closely  with  that  of  the  neutral  conductor  in 
the  ordinary  three-wire  system  described  on  page  70. 

Another  method  of  connecting  three-phase  circuits  is  shown  in 
Fig.  117,  and  is  called  the  A  (delta)  connection,  the  arrangement  in 
Fig.  115  being  designated  as  the  Y  connection.  In  either  of  these 
cases  any  lamp  L  is  fed  simply  by 
the  E,M.F.  due  to  a  single  arma- 
ture winding,  MA  in  Fig.  115,  or 
QP  in  Fig.  117.  If,  however,  a 
lamp  is  connected  across  the  outer 
terminals  of  the  Y  circuits,  it  re- 
ceives a  voltage  which  is  the  resul- 
tant of  two  E,M,F.s,  that  are  in 
series,  but  di£Fer  by  120°  in  phase. 
This  is  shown  in  Fig.  118,  DA,  b^ 
JDB,  and  DC  representing  respec- 
tively the  E,M,F.s  of  a  three-phase 
armature  winding  with  Y  connection.  Assuming  the  E.M.F,  of 
each  phase  DC  to  be  100  volts,  then  the  E.M.F.  between  A  and 
Cwill  be  VS  =  1.73  times  as  great,  or  173  volts. 

Production  of  Rotary  Field  by  Two-Phase  Current.  —  An  iron 
ring,  wound  with  insulated  wire,  as  represented  in  Fig.  119,  is  sup- 
plied with  two-phase  currents  at  the  four  equidistant  points  A,  B, 
C,  and  D,  the  two  conductors  of  one  phase  being  connected  at  A 
and  B,  and  those  of  the  other  phase  at  Cand  D.  Considering  only 
one  current,  and  assuming  it  to  enter  at  A,  the  direction  of  wind- 
ing is  such  that  it  will  produce  a  south  pole  at  A,  and  a  north  pole 


fig.  Its,    Rtatloe  VoHago  of  A  and  Y 
Conamftion*. 
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at  By  SO  that  a  compass  needle  placed  inside  the  ring  would  tend 
to  point  vertically  upward  as  indicated  by  the  dotted  arrow.     This 

condition  is  represented  at  1,  in 
Fig.  120,  the  current  L  M  N 
having  its  maximum  positive 
value,  and  the  other  current, 
P  Q  Ry  being  zero  at  that  in- 
$taht.  A  moment  later,  the  first 
current  has  decreased  somewhat, 
and^he  other  has  increased,  so 
that  they  are  equal.  In  this 
case,  each  will  tend  to  produce 
a^outh  pole  where  it  enters  the 
ring,  at  A  and  D  respectively, 
so  that  a  resultant  polarity  is 
produced  midway  between,  as 
shown  at  2  by  the  arrow  inclined  at  45°.  The  next  instant,  at 
90°,  the  current  L  M  has  fallen  to  zero,  and  the  current  P  Q  has 
reached  its  maximum,  so  that  the  arrow  takes  a  horizontal  position, 
as  represented  at  3.  Again  at  136°,  the  current  L  M  has  reversed, 
tending  to  make  a  south  pole  at  the  bottom  of  the  ring,  and  the 
needle  will  incline  downward  at  an  angle  of  46°,  as  shown  at  4. 


f/g.  770.    Ring  Supptied  with 
TufO-Phof  Current 


8  9 


Ftff.  120.    Magnttlo  R9autt€urts  dtM  to  Two-Phaae  Currant. 

By  following  the  successive  conditions,  the  needle  will  be  found  to 
take  the  various  positions  represented  at  6,  6,  7,  8,  and  finally  at 
9,  it  returns  to  its  original  vertical  direction,  the  current  having 
completed  one  period.  Thus  the  needle  tends  to  be  carried  around 
continuously  by  the  shifting  resultant  field,  so  long  as  the  ring  is 
supplied  with  two-phase  currents. 
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Principle  of  Polyphase  Motors.  —  It  is  this  capability  of  produ- 
cing continuous  rotation  that  gives  the  polyphase  currents  their 
interest  and  value,  since  it  enables  motors  to  be  operated  very  suc- 
cessfully. The  ring  with  the  magnetic  needle,  in  Fig.  119,  illus- 
trates the  principle  of  the  synchronous  polyphase  motor,  since  the 
armature  revolves  in  exact  synchronism  with  the  phases  of  the 
currents.  If  the  needle  is  replaced  by  a  cylinder  of  laminated  iron 
wound  with  conductors,  like  an  ordinary  armature,  except  that  they 
are  short-circuited,  it  is  found  that  it  will  revolve  also;  but  in  this 
case  the  speed  is  a  little  less  than  that  of  a  synchronous  armature, 
the  difference  being  called  the  slip,  usually  amounting  to  from  1  to 
5  per  cent.  This  slip  represents  a  relative  motion  of  the  rotating 
field,  with  respect  to  the  armature  conductors ;  consequently  the 
latter  are  cut  by  the  lines  of  force,  thereby  inducing  currents  in 
them.  It  is  the  action  of  the  field  upon  these  induced  currents 
which  causes  the  armature  to  revolve,  this  type  being  called  the 
induction  motor.  It  is  a  remarkable  fact  that  no  current  is  sup- 
plied to  the  moving  part,  so  that  it  need  have  no  electrical  connec- 
tions made  to  it  except  for  purposes  of  starting  and  regulation. 

In  some  cases  the  construction  is 
modified  so  that  the  part  in  which  the 
currents  are  induced  revolves,  and  the 
other  part  is  stationary.  For  this 
reason,  and  because  no  energy  is 
supplied  directly  to  the  so-called  arma- 
ture, it  is  considered  more  correct  to 
distinguish  the  two  elements  of  an 
induction  motor  as  rotor  and  stator^ 
or  primary  and  secondary, 

TheAction  of  Threc-Phase  Currents         Fig.  121.  /ung  suppnad  with 
in  producing  a  rotary  field  is   quite  TfirsB-Phaae  currenti 

similar  to  that  described  for  two- 
phase  currents.  The  ring  in  Fig.  121  is  wound  as  before,  but 
the  current  is  led  in  at  three  equidistant  points,  H,  V,  and  Z, 
instead  of  at  four  points.  Taking  the  instant  when  the  current 
flowing  in  at  If  is  3.  maximum,  two  currents  flow  out  at  Fand  Z, 
each  having  one-half  the  value  of  the  current  entering  at  H,  This 
tends  to  produce  a  south  pole  at  If,  and  two  north  poles  at  V  and 
Z  respectively.     The  resultant  due  to  the  latter  is  a  south  pole  at 
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Ty  midway  between  Y  and  Z,  consequently  a  magnetic  needle 
would  take  the  position  shown  by  the  dotted  arrow.  (This  condi- 
tion is  represented  at  0°  in  Fig.  114.)  A  moment  later  (at  60°  in 
Fig.  114)  currents  enter  at  both  //"and  Z,  and  a  maximum  current 
flows  out  at  F,  hence  the  needle  would  point  toward  V.  At  the 
end  of  another  one-sixth  of  a  period  (at  120°  in  Fig.  114),  the 
maximum  current  will  enter  at  Zy  and  the  needle  would  turn  to 
that  point,  and  so  on  until  it  had  made  a  complete  revolution  in  one 
period  of  the  alternating  current. 

Actual  Forms  of  Polyphase  Motors.  —  The  synchronous  type  of 
polyphase  motor  is  similar  in  principle  and  construction  to  the  cor- 
responding generator,  in  fact,  two  identical  machines  may  be  used, 
one  as  generator  and  the  other  as  motor,  the  same  being  true  of 
single-phase  alternating,  as  well  as  direct-current  machines.  In  all 
these  cases  the  field  magnets  must  be  supplied  with  direct  current 
either  from  a  separate  exciter  or  from  the  machine  itself,  which, 
if  it  is  an  alternator,  must  be  provided  with  a  commutating  device 
for  that  purpose. 

The  advantage  of  the  polyphase  over  the  single-phase  synchro- 
nous motor  is  the  fact  that  the  former  is  self-starting,  owing  to  the 
fact  that  it  exerts  some  rotary  effort  even  when  standing  still.  In 
this  case  it  acts  as  an  induction  motor,  the  armature  being  supplied 
with  polyphase  current,  but  the  field  circuit  is  left  open  until  syn- 
chronous speed  is  reached.  On  the  other  hand,  the  single-phase 
motor  has  no  starting  torque,  and  has  to  be  provided  with  some 
special  device  in  order  to  bring  it  up  to  synchronism. 

The  practical  forms  of  induction  motor  are  self-starting  with 
considerable  torque,  but  they  are  generally  arranged  with  some 
means  for  introducing  resistance  into  the  secondary  circuit,  in 
order  to  give  them  full  torque  when  starting,  and  to  prevent  a 
great  rush  of  current  at  that  time. 
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CHAPTER    IX. 

TRANSFORimRS. 

A  TRANSFORMER  consists  essentially  of  two  separate  coils  of 
insulated  wire  wound  or  placed  upon  an  iron  core.  One  of  these 
coils,  called  the  primary,  receives  alternating  current  from  some 
source  ;  and  the  other  coil,  called  the  secondary,  delivers  alternating 
current  to  any  circuit  that  may  be  connected  to  its  terminals.  The 
action  depends  upon  the  physical  principle  that  an  alternating  cur- 
rent sets  up  an  alternating  magnetic  flux  which  tends  to  induce  an 
alternating  E.M.F.  in  a  conductor  that  encloses  the  flux.  The 
function  of  a  transformer  is  to  convert  electrical  energy  at  one 
voltage  into  electrical  energy  at  another  voltage. 

For  example,  a  transformer  is  supplied  with  an  alternating  cur- 
rent of  1000  volts  and  10  amperes,  and  it  delivers  a  current  of  100 
volts  and  about  97  amperes.  The  input  is  10  k.  w.,  and  the  output 
is  about  9.7  k.w.,  since  there  are  losses  amounting  to  about  3  per 
cent ;  that  is,  the  efficiency  is  97  per  cent.  In  most  cases  trans- 
formers are  used  to  reduce  a  high-voltage  supply  of  energy  into 
low-voltage  energy  that  is  safe  and  convenient  for  operating  lamps, 
motors,  and  other  devices.  Sometimes  they  are  employed  to  raise 
the  pressure  in  order  to  transmit  energy  economically  over  long 


Fig.  122.    Simple  Tranafornfr  Circuit. 


lines.  The  former  are  called  step-down  and  the  latter  step-up 
transformers.  For  the  sake  of  simplicity,  a  transformer  is  often 
represented  as  consisting  of  a  ring  of  iron,  CH,  in  Fig.  122,  with 
a  primary  coil,  P,  and  a  secondary  coil,  5,  wound  upon  it.     In  the 
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Step-down  type,  which  is  far  more  common,  the  primary,  P,  is 
composed  of  many  turns  of  fine  wire,  being  connected  to  the  high- 
voltage  supply  conductors  D  and  E^  leading  from  the  alternator, 
A;  and  the  secondary,  5,  consists  of  comparatively  few  turns  of 
large  wire,  to  w^hich  the  local  or  secondary  circuit,  FGy  and  lamps, 
Z,  are  connected.  The  ratio  of  voltages  of  the  two  coils  is  sub- 
stantially the  same  as  the  ratio  of  the  number  of  turns  of  wire  that 
they  contain. 

Construction  of  Transformers.  —  In  practice  the  arrangement 
represented  in  Fig.  122  would  not  be  satisfactory  for  supplying 
constant  potential  to  lamps,  etc.,  because  the  flux  produced  by  the 
primary  P  would  not  all  pass  through  the  secondary  5,  the  mag- 
netic leakage  across  from  C  \o  H  being  considerable,  especially 
when  the  current  in  the  secondary  circuit  is  large. 

To  avoid  this  magnetic  leakage,  the 
primary  and  secondary  coils  are  placed 
close  together,  in  many  cases  being 
wound  one  upon  the  other,  as  in  Fig. 
123,  which  shows  the  core  and  coils  of 
a  small  General  Electric  type  F  trans- 
former. In  other  forms  the  coils  are 
subdivided  and  placed  side  by  side  alter- 
nately, as  in  Fig.  124,  which  illustrates 
a  Westinghouse  25  k.w.  transformer 
with  the  casing  removed. 
„    ,,„    ^     ^  ,^^  X     In  these  and  other  types  of  constant 

Fig.  123.    Transformer  ivlth  ^  ^  ^ 

Superposed  Coils.  potential  transformers  the  object  is  to 

reduce  the  magnetic  leakage  to  a  mini- 
mum, by  so  arranging  the  coils  and  magnetic  circuit  that  practically 
all  the  flux  produced  by  the  primary  must  pass  through  the  second- 
ary. This  condition  is  in  conflict  with  the  necessity  for  very  high 
insulation  between  the  primary  and  secondary  coils  to  prevent  the 
dangerous  high-voltage  current  from  breaking  through  to  the  low- 
voltage  circuit.  To  avoid  magnetic  leakage,  the  coils  are  closely 
sandwiched  together ;  but  to  give  the  best  insulation  they  should 
be  separated.  The  insulation  is  obtained,  however,  by  completely 
covering  each  coil  with  several  spiral  windings  of  tape  and  mica- 
cloth,  as  represented  in  Figs.  123  and  125.  Sheets  of  fibre,  mica- 
cloth,  etc.,  are  also  placed  between  the  coils,  in  addition  to  which 
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special  means  are  generally  provided  to  avoid  trouble  through  fail- 
ure of  insulation.  These  will  be  discussed  under  the  head  of 
Transformer  Protective  Devices. 

The  coils  themselves  consist  of  ordinary  cotton-covered  round 
or  flat  copper  wire.  These  are  wound  and  insulated  separately  ; 
the  proper  number  and 
arrangement  of  primary 
and  secondary  coils  are 
then  assembled,  being  held 
in  position  by  a  suitable 
frame  or  support.  The 
strips  of  thin  sheet  iron  (8 
to  16  mils  =  .008  to  .015 
inch  thick)  which  form  the 
core  are  ne.xt  placed  around 
the  coils  as  illustrated  in 
Fig.  125.  One  method  of 
building  up  the  core  is 
shown  in  Fig.  126,  being 
the  plan  followed  by  the 
General  Electric  Company 
in  the  larger  type  //trans- 
formers. Two  different 
sizes  of  strips,  A  and  B,  are 
used,  one  being  longer  than 
the  other.  A  layer  of 
these  is  laid  (Fig.  126)  ; 
then  the  ne.xt  layer  is  placed 
so  that  it  breaks  joints  with 
the  first,  as  indicated  by 
the  dotted  lines ;  and  so  on 

until  the  core  is  completed,  ''''  ''*'  ^~'"/«'''»*''  «"**  ^^'"^  ^•'"«-*^- 

the  coils  shown  in  section 

at  CC  being  entirely  surrounded  by  iron,  which  forms  two  closed 
magnetic  circuits.  The  small  round  holes  in  the  iron  strips  are 
slipped  over  vertical  bolts,  which  serve  to  locate  and  hold  them 
in  place.  A  core  of  the  form  illustrated  in  Fig.  123  is  gen- 
erally made  of  sheet  iron  punched  out  in  the  shape  shown  in 
Fig.    127.     Each   layer  consists  of  a  single  piece  ;  but  it  is  cut 
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through  at  L  and  M,  forming  a  tongue,  7",  which  is  sufficiently- 
flexible  to  be  put  through  the  coils  (Fig.  123).  The  next  piece  is 
placed  in  the  opposite  direction,  as  indicated  by  dotted  lines,  in 
order  to  distribute  the  joints  in  the  magnetic  circuit. 


I 

-J 
s 

I 
I 


For  actual  use  a  transformer  is  enclosed  in  a  cast  or  wrought 
iron  case  to  protect  it  from  mechanical  injury  and  dampness.  In 
many  instances  this  case  is  filled  with  oil  to  facilitate  the  dissipa- 
tion of  heat  and  to  improve  the  insulation.     The  Stanley  trans- 


Digitized  by  VjOOQIC 


TRANSFORMERS. 


15S 


former  (sizes  2  to  10  k.  w.)  for  out-door  use,  having  hanger  irons 
with  hooks  to  fit  over  cross-arms  on  poles,  is  shown  in  Fig.  128. 

Copper  Loss  in  Transformers.  —  This  quantity  is  simply  the 
heating  or  I^  R  loss 
which  always  occurs 
whenever  any  current, 
Fy  flows  through  a  resis- 
tance, R,  If  /'  is  the 
primary,  and  /"  the 
secondary  current,  K 
and  K^  being  the  re- 
spective resistances  of 
the  primary  and  secon- 
dary coils,  then  the  total 
copper  loss,  W^^  in  watts  is : 

W,  =  /'« /?'  +  /""  R'\ 

Calling  W^  the  primary  input  in  watts,  we  have 
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Fig.  126.     Transformer  Colt. 


(69) 


Percentage  of  copper  loss  = 


W^ 


{69a} 


From  (69)  it  is  seen  that  this  loss  varies  as  the  square  of  the 
load  in  amperes.  Its  exact  value  depends  upon  the  design  of  the 
transformer  and  working  conditions ;  but  in  most  commercial  types 
at  full  load  it  is  about  3  per  cent  for  1  k.  w.,  and  about  1  per  cent 

for  100  k.  w.  capacity.  In  a  very 
large  General  Electric  transformer 
having  1875  k.  w.  output,  used  at 
Niagara,  the  copper  loss  is  a  little 
less  than  ^  per  cent.*  It  is  also 
evident  from  (69)  that  the  copper 
loss  increases  with  the  resistance ; 
and  since  the  latter  is  greater 
with  higher  temperature,  the  loss  is  larger  when  the  transformer 
becomes  heated  by  the  current  or  in  any  other  way.  The  maxi- 
mum allowable  rise  in  temperature  is  60°  C.  above  that  of  the 
surrounding  air  (Amer.  Inst.  Elec.  Eng.  Standard) ;  and  since 
the  resistance  is  increased  about  .4  per  cent  for  each  degree,  the 
resistance  and    copper   loss   are  about   50  x  .004  =  20  per  cent 

*  EUcirical  World  and  Engineer,  Nov.  18,  1809. 
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higher  at  maximum  temperature.     This  point  will  be  considered 
more  fully  later  under  Regulation. 

The  copper  loss  injuriously  affects  the  action  of  transformers  in 
three  ways : 

1.  Copper  loss  reduces  the  efficiency. 

2.  Copper  loss  produces  heat  that  may  injure  the  insulation. 

3.  Copper  loss  interferes  with  the  regulation  of  constant  po- 

tential transformers. 

Each  of  these 
effects  will  be  consid- 
ered specially  under 
the  respective  head- 
ings, —  efficiency, 
heating,  and  regula- 
tion. 

Iron  or  Core  Losses 
in  Transformers.  — 
^  These  are  due  to  hys- 
teresis and  eddy  cur- 
rents in  the  core,  and 
are  quite  similar  to 
the  core  losses  in  a 
generator  or  motor. 
They  differ  from  the 
copper  losses  in  the 
fact    that    they    are 

fig.  128.    Transformer  for  Outdoor  Use.  ""^^'^Y  COnStant  for  all 

loads,  whereas  we 
have  just  seen  that  the  latter  vary  as  the  square  of  load.  These 
statements  apply  to  constant  potential  transformers,  these  being 
by  far  the  most  common.  The  case  is  exactly  the  reverse  for  the 
constant  current  type,  in  which  the  copper  loss  in  the  secondary  is 
constant,  and  the  iron  loss  varies  with  the  load.  In  most  practical 
types  of  transformer  the  iron  losses  are  about  equal  to  the  copper 
losses  at  full  load.  This  is  not  a  necessary  condition,  it  being  an 
easy  matter  to  design  a  transformer  in  which  the  iron  losses  are 
much  greater  than  the  copper  losses,  or  vice  versa.  In  fact,  they 
are  mutually  related,  so  that  increasing  one  tends  to  decrease  the 
other. 
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For  general  use  it  has  been  found  best  to  make  the  two  losses 
approximately  equal ;  but  for  special  cases,  where  constancy  of 
voltage  is  important,  or  where  transformers  operate  with  consider- 
able load  most  of  the  time,  the  copper  loss  may  be  reduced  at  the 
sacrifice  of  increased  iron  loss.  If,  however,  constant  voltage  is 
not  important,  and  a  transformer  is  likely  to  run  at  light  loads  a 
great  part  of  the  time,  then  the  iron  loss  should  be  diminished  at 
the  expense  of  the  copper  loss.  Ordinarily  these  differences  require 
transformers  to  be  specially  designed  for  the  purpose ;  but  varia- 
tions in  frequency,  voltage,  or  other  conditions  will  alter  the 
relation  between  the  two  losses. 

The  hysteresis  loss  in  watts,  Wkj'is: 

IV,  ^V  VfB'\  (70) 

In  this  expression,  V  is  the  volume  of  the  iron  core  in  cubic 
centimeters,  /  is  the  frequency  in  cycles  per  second,  B  is  the  maxi- 
mum flux  density  in  lines  per  square  centimeter,  and  17  is  a  constant 
depending  upon  the  quality  of  the  iron.  For  high-grade  annealed 
sheet  iron  suitable  for  transformer  and  armature  cores,  the  value  of 
•q  is  usually  between  2  X  10"^®  and  3  X  10~".  In  calculations  where 
the  exact  value  is  not  known,  an  average  value  of  2.5  X  1(H®  may 
be  assumed.  The  ordinary  values  of  B,  the  maximum  flux  density, 
for  various  sizes  of  transformer  and  frequencies  are  given  on  page 
157. 

Ageing  of  Transformer  Iron,  About  1894  attention  was  called 
to  the  fact  that  the  iron  cores  of  transformers  became  changed 
after  being  used  for  some  time,  the  hysteresis  loss  increasing  con- 
siderably. Investigations  showed  that  the  core  loss  of  some  com- 
mercial types  of  transformers  rose  to  two  or  more  times  the  initial 
value  after  a  few  months'  operation.  It  was  found  that  this  was 
due  to  heat,  the  same  effect  being  produced  by  heating  the  iron 
in  any  other  way.  This  phenomenon  depends  upon  the  mechani- 
cal and  chemical  character  of  the  iron,  but  the  exact  effect  of  the 
different  impurities  has  been  found  to  be  difficult  to  determine.  By 
experience  and  the  exercise  of  great  care,  manufacturers  have  been 
able  to  avoid  this  increase  of  hysteresis  loss,  so  that  transformers 
made  at  present  have  very  little  more  core  loss  after  long  periods 
of  use.     Professor  W.  E.  Goldsborough  has  given  *  the  results  of 

*  Paper  before  National  Electrical  light  Association,  May,  1899. 
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tests  made  on  several  of  the  most  prominent  types  of  transformer, 
and  these  show  that  the  core  loss  remained  practically  constant  for 
800  hours  at  full  load.  These  tests  were  made  in  a  room  where 
the  temperature  was  about  25°  C,  and  the  full  load  was  applied 
for  ten  and  a  half  hours  a  day.  This  is  fully  as  severe  as  ordinary 
practical  service  ;  nevertheless,  the  temperature  of  the  cores  did  not 
exceed  75°  C,  allowing  the  standard  rise  of  60°  C.  Up  to  this 
point  it  is  found  that  the  ageing  effect  does  not  occur ;  but  above 
80°  it  begins,  and  at  100°  it  becomes  considerable,  increasing  with 
the  temperature  up  to  about  200°,  beyond  which  it  falls  again. 

The  conclusion  is,  that  transformer  cores  should  not  be  run, 
even  for  a  short  time,  at  temperatures  exceeding  80°  C.  At  full 
load  the  allowable  rise  is  60°  C. ;  hence  the  room  temperature  must 
not  be  greater  than  80°  C,  or  86°  F.  On  the  other  hand,  in  very 
hot  weather,  or  in  an  engine-room  where  the  temperature  may  be 
10  or  20  degrees  higher  than  this,  transformers  should  not  be  run 
at  full-load,  or  may  be  operated  for  shorter  periods  of  time,  so  that 
they  do  not  attain  maximum  temperature.  This  matter  is  suffi- 
ciently important  to  demand  attention,  and  every  one  installing  or 
using  transformers  should  guard  against  the  possibility  of  the  core 
temperature  rising  above  the  point  at  which  ageing  begins.  This 
limit  may  be  ascertained  from  the  makers. 

Tfte  eddy  or  Foucault  current  loss  in  the  core  in  watts,  W^^  is 

W.^bVpt^E'.  (71) 

In  this  expression  /  is  the  thickness  of  the  laminations  in  centi- 
meters; F,/,  and  B  have  the  same  significance  as  in  (70),  and  b 
is  a  constant  depending  upon  the  specific  resistance  of  the  iron. 
In  the  iron  ordinarily  used  the  value  of  b  is  about  1.6  x  10"". 

In  a  paper  read  before  the  American  Institute  of  Electrical 
Engineers,  May,  1900,  Mr.  Fitzhugh  Townsend  claims  that  the 
eddy  current  loss  is  proportional  to  B^^  instead  of  B^. 

This  equation  assumes  that  the  sheets  of  iron  forming  the  core 
are  properly  insulated  from  each  other,  otherwise  the  loss  is  greater, 
because  the  eddy  currents  flow  from  one  sheet  to  another  as  if  the 
core  were  a  solid  mass  of  iron. 

Since  the  eddy  current  loss  in  (71)  varies  as  /^  the  square  of 
the  thickness  of  the  iron  plates,  it  may  be  reduced  to  a  very  small 
value  by  making  them  very  thin.     On  the  other  hand,  the  insula- 
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tion  and  unavoidable  space  between  the  plates  is  about  2  mils,  so 
that  in  practice  a  thickness  of  10  to  15  mils  is  generally  adopted 
in  order  that  the  proportion  of  iron  in  the  total  volume  of  the  core 
shall  be  high.  Assuming  an  ordinary  thickness  of  12  mils  for 
the* plates  and  a  distance  between  them  of  2  mils,  the  actual  iron 
12 


in  the  core  is 


=  .86  of  the  total  volume.     With  these  rela- 


12  +  2 

tions  the  eddy  current  loss  constitutes  about  20  per  cent  of  the 
core  loss,  the  hysteresis  loss  making  up  the  remaining  80  per  cent. 
In  some  cases  the  thickness  of  plates  is  reduced  to  7  or  8  mils,  so 
that  the  eddy  current  loss  is  only  8  or  10  per  cent  of  the  core  loss ; 
but  this  tends  to  increase  the  volume  of  the  core  as  well  as  the 
weight  of  copper,  and  involves  more  labor  in  construction,  hence 
the  final  gain  is  doubtful. 

The  permissible  rise  in  temperature  being  50°  C,  the  resistance 
of  the  iron  core  increases  about  20  per  cent  after  a  long  run  at  full 
load,  hence  the  eddy  current  loss  is  reduced  in  the  proportion  120: 
100,  or  in  other  words  it  is  about  17  per  cent  less.  But  the  eddy 
current  loss  is  only  about  20  per  cent  of  the  iron  loss,  so  that  the 
latter  is  reduced  3  or  4  per  cent  at  full  working  temperature, 
hysteresis  being  constant. 

Flux  Densities  in  Transformer  Cores.  The  hysteresis  loss 
varies  as  JF*  in  (70)  and  the  eddy  current  loss  as  5*  in  (71)  or 
5",  in  which  B  is  the  flux  density,  consequently  the  latter  is  kept 
at  a  low  value  in  transformers  in  order  that  the  core  loss  shall  be 
small.  Different  designers  adopt  various  densities,  average  figures 
being  given  in  the  following  table. 


OBDZNART  FLTJZ  DENSTTIBS  TS  TBAHSFORMER  0QKE8. 

MAXIMUM    LINES   PHR   SQUARE  CENTIMETER. 


Frequency. 

lto5k.w. 

10  to  25  k.  w. 

100  to  600  k.  w. 

25 

7600 

6600 

6600 

40 

6600 

6600 

4600 

60 

6000 

4600 

4000 

100 

4000 

3600 

3000 

120 

8600 

8000 

2600 

The  density  is  decreased  with  higher  frequency  in  order  to 
keep  the  iron  losses  in  (70)  and  (71)  nearly  the  same  for  a  given 
volume   of    core.     These   densities   are   much  lower   than   those 
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allowed  in  the  armature  cores  of  generators  and  motors  which  are 
often  as  high  as  15,000  or  16,000  lines  per  square  centimeter.  The 
reason  for  this  is  the  higher  efficiency  of  97  or  98  per  cent  which 
is  expected  of  transformers  compared  with  92  to  94  per  cent  for 
machines.  The  former  often  operate  for  long  periods  at  very  lig;ht 
load,  while  generators  usually  have  one-half  to  full  load  while  they 
are  running,  consequently  the  constant  core  loss  is  a  more  serious 
matter  in  transformers. 

Exciting  Current.  When  the  secondary  circuit  of  a  transformer 
is  open  and  the  primary  circuit  is  closed,  a  certain  current  flows  in 
the  latter.  This  is  called  the  exciting  current^  being  also  known 
as  the  leakage  current y  open-circuit  current,  and  magnetizing  current. 
It  consists  of  two  components,  one  of  which  supplies  the  energy  to 
make  up  the  transformer  losses,  and  the  other  produces  the  mag- 
netization of  the  core.  The  former  represents  true  power  in  watts 
being  practically  equal  to  the  iron  losses,  and  the  latter  is  apparent 
power  being  wattless.  The  total  value  of  the  exciting  current  de- 
pends upon  the  design  and  size  of  the  transformer,  but  is  ordina- 
rily about  5  per  cent  for  1  k.  w.,  and  about  2  to  1  per  cent  in 
sizes  of  25  to  100  k.  w.  or  larger. 

Tke  power  factor  of  the  exciting  current  at  no  load  differs  con- 
siderably in  the  various  types,  but  is  usually  about  70  per  cent. 
Since  this  is  equal  to  the  cosine  of  the  angle  of  lag,  it  follows  that 
the  no-load  primary  current  lags  about  45°  with  respect  to  the 
primary  impressed  E,M,F,  It  is  evident  also  that  the  energy  com- 
ponent of  the  current  is  about  equal  to  the  magnetizing  compo- 
nent. When  a  transformer  is  loaded  even  slightly,  for  example,  to 
one-tenth  of  its  normal  capacity,  the  power  factor  rises  to  very 
nearly  100  per  cent,  and  the  primary  current  is  practically  in  phase 
with  the  primary  impressed  E,M,F,y  provided  the  load  is  non-induc- 
tive, which  is  usually  the  case  in  electric  lighting.  If,  however, 
induction  motors  or  other  forms  of  inductive  load  are  present,  the 
power  factor  will  be  less  than  100  per  cent,  and  the  current  will 
lag  behind  the  EM,F.  as  in  any  alternating-current  circuit. 

The  above  statements  apply  to  transformers  having  closed 
magnetic  circuits.  In  the  so-called  "hedgehog"  type  with  open 
magnetic  circuit  consisting  of  a  simple  straight  core,  the  no-load 
exciting  current  is  about  ten  times  as  great,  being  more  than  one- 
half  of  the  full  load  value  in  a  3  k.  w.  size,  with  a  power  factor  of 
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only  .068,  which  is  also  about  one-tenth  as  much  as  for  closed  mag- 
netic circuit*  On  account  of  its  low-power  factor  this  large  excit- 
ing current  does  not  involve  directly  any  greater  loss  of  power  in 
true  watt3.  But  it  uses  up  the  current  capacity  of  the  generators, 
lines,  etc. ;  the  heating  effect  and  drop  for  a  wattless  current  being 
the  same  as  for  any  other  current  having  the  same  value  in 
amperes.  Furthermore,  it  reacts  injuriously  upon  the  regulation 
of  generators  and  transformers,  greatly  increasing  their  drop  in 
volts.  For  these  reasons  the  closed  magnetic  circuit  has  been 
adopted  almost  universally.  In  fact,  the  greatest  care  is  exercised 
in  making  the  magnetic  circuit  as  complete  as  possible,  the  effect 
of  joints  being  reduced  to  a  minimum,  which  also  reduces  magnetic 
leakage,  as  explained  on  page  150. 

To  prevent  the  flow  of  this  exciting  current,  magnetic  cut-outs 
have  been  devised  to  open  the  primary  circuit  automatically  when 
the  secondary  circuit  is  open.  It  is  objectionable,  however,  to 
open  and  close  the  primary  (high  voltage)  circuit  whenever  the 
load  is  thrown  off  or  on,  so  that  this  arrangement  is  seldom  used 
in  practice.  Another  plan  is  to  open  the  primary  lines  at  the 
station  during  the  hours  that  the  current  is  not  required.  This  is 
customary  in  smaller  systems,  and  is  possible  on  certain  circuits  of 
large  systems,  but  it  cannot  be  applied  generally  in  important 
plants. 

Efficiency  of  Transformers.  The  efficiency  of  a  transformer  is 
the  ratio  of  the  watts  output  W^  measured  at  the  secondary  ter- 
minals to  the  watts  input  measured  at  the  primary  terminals  W^. 
Since  the  losses  occurring  in  a  transformer  are :  W^  the  copper  loss 
from  (69),  Wk  the  hysteresis  loss  from  (70),  and  W^  the  eddy  cur- 
rent loss  from  (71),  it  follows  that  the  output  is  equal  to  the  input 
minus  these  losses,  hence 

Efficiency  =  "jjF  =  — ^^^ (72) 

The  efficiency  is  very  high  for  transformers  made  by  the  best 
manufacturers,  being  about  98  per  cent  at  full  load  for  sizes  of  25 
k.  w.  or  larger,  and  94  or  95  per  cent  at  one-quarter  load.  This 
is  higher  than  the  efficiency  of  almost  any  other  practical  appara- 
tus, nevertheless  it  is  found  that  the  aggregate  losses  are  large,  and 
form  a  heavy  item  in  the  cost  of  alternating-current  supply,  because 

*  7%^  AlUrnate  Current  Transformer  by  J.  A.  Fleming,  London,  1896,  p.  667. 
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transformers  run  for  a  large  part  of  the  time  with  small  loads, 
especially  in  electric  lightning. 

Calculation  of  Transformer  Efficiencies.  Knowing  the  iron  and 
copper  losses  at  any  given  load,  it  is  a  simple  matter  to  calculate 
these  losses  and  consequently  the  efficiency  at  other  loads.  For 
example,  a  10  k.  w.  constant-potential  transformer  at  full  rated 
load  and  temperature  has  a  copper  loss  of  .16  k.  w.  or  1.6  per 
cent,  the  iron  loss  being  the  same.  Since  transformers  and  most 
other  apparatus  are  rated  by  their  output,  the  efficiency  would  be 

output  10  _  _  _ 

~ -r  =  Hn  .    i2?   .    i<?  =  96.9  per  cent. 

mput .      10  -h  .16  -h  .16  ^ 

At  three-quarters  load  the  output  is  7.5  k.  w.,  the  iron  loss  is 
the  same  as  before,  being  practically  constant ;  the  copper  is  pro- 

3      8 

portional  to  the  square  of  the  load,  or  -^  x  j  X    .16  =  .09  k.  w.,  so 

7  5 

that  the  efficiency  would  be  =-= ^, ^-r^  =  96.8  per  cent.    Cal- 

^  7.5  +  .16  -f-  .09  ^ 

culating  in  a  similar  manner  the  efficiencies  at  other  loads,  we 

obtain  the  following  results  : 

12.5 
Efficiency  at  26%  overload  =  1951    i7?  4.  9^  =  96.8% 

10 
"        "  rated  load  =  ^^  ^  ^g  ^  ^g  =  96.9% 

7.5 
"         "  three-quarters  load  =  7~c~r~i  f*~x~0Q  ~  96-8% 

«        "  one-half  load  =  g-^g^-g^  =  96.2% 

2  5 
"        "  one-quarter  load  =  ^  r   ,    -jg  ,    ^-i  =  93.3% 

"  onctenth  load  =  ^  ^  ^g  _^  QQ^g  =  86.1% 

5 
one-twentieth  load  =  5  ^  ^^  ^  qqq^  =  .75.7% 

In  order  to  bring  out  the  comparative  effects  of  the  two  losses, 
let  us  calculate  the  efficiencies  of  two  other  transformers,  one  hav- 
ing a  copper  loss  of  .08  k.  w.  and  an  iron  loss  of  .24  k.  w.,  the 
other   having  .24  k.  w.    copper  loss,  and  .08  k.  w.  iron  loss.     In 
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all  three  cases  the  sum  of  the  losses  is  assumed  to  be  the  same  at 
full  load  (10  k.  w.),  being  .32  k.  w.  The  results  are  given  in  the 
following  table : 


Losses  in  K.  W. 

Output  in  K.  W. 

Copper 

Iron. 

12.6 

10. 

7.6 

5. 

.26 

.1 

.06 

.16 
.08 
.24 

.16 
.24 
.08 

96.8 
97.1 
96.4 

96.9 
96.9 
96.9 

96.8 
96.3 
97.2 

96.2 
96.1 
97.3 

93.3 
91.2 
96.3 

86.1 
80.6 
92.4 

76.7 
67.6 
86.1 

The  above  efficiencies  as  well  as  the  losses  at  different  loads 
are  plotted  as  curves  in  Fig.  129.  A  study  of  the  table  and 
curves  brings  out  many  important  points  regarding  transformers : 

1.  The  sums  of  the  losses  being  equal  (.32  k.  w.)  at  rated  load 
(10  k.  w.)  the  efficiencies  are  the  same  for  that  particular  output. 

2.  Transformer  No.  1,  with  copper  and  iron  losses  equal  at 
rated  output,  has  an  efficiency  which  is  a  maximum  at  that  point, 
and  is  nearly  constant  (96.2  to  96.9%)  from  one-half  load  to  25 
per  cent  overload,  being  well  suited  to  this  range. 

3.  Transformer  No.  2,  with  large  iron  loss  which  is  constant, 
has  maximum  efficiency  with  considerable  overload  (about  50%), 
but  is  low  in  efficiency  below  three-quarters  load.  Its  small  copper 
loss,  however,  makes  its  regulation  excellent,  the  resistance  drop 
being  only  .8  per  cent  at  rated  load. 

4.  Transformer  No.  3,  with  small  iron  loss,  has  opposite  charac- 
teristics, its  efficiency  being  highest  at  one-half  load,  and  92.4  per 
cent  at  one-tenth  load,  which  is  remarkably  high.  At  overload  the 
efficiency  falls  rather  rapidly.  The  regulation  is  not  good,  since  the 
resistance  drop  alone  is  2.4  per  cent  at  rated  output.  It  would  be 
adapted  for  power  or  other  use  where  the  load  was  light  most  of  the 
time,  and  where  such  a  variation  in  yoltage  is  not  objectionable. 

5.  From  the  point  of  view  of  efficiency  only,  the  copper  loss 
in  constant  potential  transformers  is  less  objectionable  than  iron 
loss  for  variable  load,  since  the  former  varies  as  the  square  of  the 
current,  and  thus  adjusts  itself  to  the  working  conditions.  This 
is  shown  by  comparing  Nos.  2  and  3 ;  the  latter  with  relatively 
large  copper  loss  has  an  efficiency  of  92.4  per  cent  at  one-tenth 
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load,  while  the  efficiency  of  the  former,  with  very  small  copper 
loss,  is  only  80.6  per  cent. 
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OUTPUT  IN  K.W. 
Fig,  129, 

6.  On  the  other  hand,  the  effect  upon  regulation  is  exactly  the 
reverse,  as  set  forth  on  page  164. 

The  calculations  of  efficiency  as  made  above  might  be  criticised 
on  the  ground  that  the  increase  in  resistance  due  to  temperature 
rise  at  full  load,  is  not  taken  into  account. 
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The  resistances  of  primary  and  secondary  coils  were  taken  in 
all  cases  as  constants,  the  value  being  that  for  continuous  running 
at  rated  load  commonly  called  the  resistance  "  hot."  This  makes 
the  calculated  efficiency  correct  at  that  load,  and  the  error  would' 
be  slight  for  other  loads.  For  example,  the  efficiency  of  No.  1  at 
half-load  is  given  as  96.2  per  cent,  and  with  allowance  for  reduced 
temperature  it  would  become  96.25  per  cent.  The  difference  is  so 
insignificant  that  it  does  not  warrant  the  trouble  in  making  the 
correction. 

The  reason  why  the  discrepancy  is  not  larger  is  to  be  found  in 
the  fact  that  the  copper  loss  at  light  loads  is  much  reduced,  and  a 
small  variation  in  it  has  very  little  effect. 

Furthermore,  the  heating  is  only  partly  (about  one-half)  due  to 
the  copper  loss,  so  that  the  temperature  does  not  change  in  pro- 
portion to  it.  The  conclusion  is  that  the  resistances  "hot"  (at 
full  load)  may  be  taken  to  calculate  efficiencies  at  any  continuous 
load  from  zero  to  25  per  cent  overload  with  very  trifling  error. 

All-day  Efficiency.  Since  the  efficiency  of  transformers  varies 
considerably  with  the  load,  as  shown  in  Fig.  129,  it  is  evident  that 
the  changing  output  which  occurs  in  practical  working  will  give  an 
average  or  all-day  efficiency  which  is  usually  less  than  the  maxi- 
mum. For  purposes  of  comparison,  the  transformer  is  assumed  to 
run  fully  loaded  for  5  hours,  and  with  no  load  for  the  remaining  19 
hours.  On  this  basis  the  all-day  efficiency  is  commonly  reckoned ; 
but  in  any  case  where  the  actual  periods  and  amounts  of  output 
are  known,  the  determination  can  be  made  accordingly.  Applying 
the  conventional  5  hours  full  load  and  19  hours  no  load  to  the  three 
transformers  whose  efficiency  curves  are  shown  in  Fig.  129,  we 
find  the  following : 

A£ZrI>AT   KFnomrOT   OF   TBAVBa>0!RMXB& 


Iron  Loss 

CoppBR  Loss 

Total  Losses 

Total  Output 

All-Day 

IN  K.  W. 

IN  K.W. 

IN  K.W. 

IN  K.  W. 

Efficibncy. 

Hoiin. 

Hours. 

noun. 

Honn. 

Percent. 

24  X     .10 

5X.16 

6X10 

Nal  .  . 

=  3.84 
24X    .24 

=  .8 
6X.08 

4.64 

=  60 

91.1 

No.  2  .  . 

=  5.76 
24  X    .08 

=  .4 
6X.24 

6.16 

60 

89.0 

No.  3  .  . 

=  1.92 

=  1.2 

3.12 

60 

94.1 
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This  table  demonstrates  that  transformer  No.  3  with  small  iron 
loss  which  is  constant  has  a  very  high  all-day  efficiency  of  94.1  per 
cent,  while  No.  2  with  large  iron  loss  has  only  89  per  cent.  The 
losses  per  day  of  No.  2  are  6.16  k.w.,  being  nearly  twice  those  of 
No.  3,  which  are  3.12  k.w.  In  the  course  of  a  year,  the  total  out- 
put of  each  transformer  would  be  365  X  50  =  18250  k.w.  hours, 
and  the  losses  of  No.  2  would  amount  to  365  X  6.16  =  2248.4 
k.w.  hours,  or  one-eighth  as  much  as  the  output.  The  losses  in 
No.  3  are  about  one-half  as  great,  so  that  it  secures  a  saving  of 
over  1100  k.w.  hours  per  annum  for  a  single  10  k.w.  trans- 
former. 

If  the  copper  and  iron  losses  at  full  load  are  known,  the  all- 
day  efficiency  of  any  transformer  is  easily  calculated,  as  shown  in 
the  table.  The  iron  loss,  being  constant,  is  found  for  the  whole  24 
hours,  and  the  copper  loss  for  the  particular  loads  and  periods  of 
operation.  The  sum  of  these  losses  is  added  to  the  calculated  out- 
put to  give  the  input,  and  the  former  divided  by  the  latter  is  the 
efficiency. 

Regulation  in  Transformers  is  the  percentage  of  fall  in  second- 
ary voltage  from  no  load  to  full  load  for  constant  potential  work- 
ing. The  constant  current  transformer  will  be  considered  under 
that  special  heading.  The  potential  difference  between  the  second- 
ary terminals  is  less  at  full  load,  than  at  no  load,  on  non-inductive 
load  being  chiefly  due  to  the  resistance  drop  in  both  the  primary 
and  secondary  coils.  Calling  I'  and  /"  the  primary  and  secondary 
currents,  K  and  R'^  the  resistances  of  the  primary  and  secondary 
coils,  E'  and  E"  the  primary  and  secondary  E.M.Fs.  respectively, 
being  practically  the  terminal  voltages  measured  at  no  load, 
we  have 

r  R^ 
Percentage  of  resistance  drop  in  primary  =  -^7-  (78) 

r'  R" 
"     "     secondary  =-p-         (74) 

r  R'      I"  R" 
Percentage  of  total  resistance  drop  =  — cv"  "• — 'prr-  (75) 

If  both  numerator  and  denominator  in  (73)  be  multiplied  by 

/'  we  have   r;^  j,  which  is  the  percentage  of  primary  copper  loss  in 

watts  compared  with  total  primary  input  in  watts.     The  value  of 
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this  latter  fraction  must  be  the  same  as  that  in  (73),  hence  the 
percentage  of  copper  loss  in  watts  is  t/ie  same  as  the  percentage  of 
resistance  drop  in  volts.  This  applies  to  primary  or  secondary  cir- 
cuits and  to  total  values. 

In  addition  to  the  drop  due  to  resistance,  the  regulation  or  total 
fall  in  voltage  is  aggravated  by  the  magnetic  leakage  at  full  load. 
In  well-designed  transformers,  great  care  is  taken  to  make  this 
latter  factor  a  minimum  by  arranging  the  coils  and  core  as  ex- 
plained in  connection  with  Figs.  123  and  l24.  The  result  is  that 
the  diminution  of  secondary  voltage  caused  by  magnetic  leakage  is 
only  about  ten  per  cent  of  that  due  to  resistance.  Since  the  latter 
is  usually  from  1  to  8  per  cent  for  large  and  small  transformers 
respectively,  the  total  fall  in  voltage,  that  is,  the  "regulation,"  is 
.1  to  .3  per  cent  greater.  We  have  just  seen  that  copper  loss  and 
resistance  drop  are  equal  percentages,  hence  the  regulation  may  be 
considered  as  having  about  the  same  value,  being  only  one-tenth 
greater  in  most  practical  instances. 

The  resistance  increases  with  the  load  on  account  of  heating, 
the  maximum  allowable  rise  in  temperature  being  60° C  (Amer.  Inst. 
Elec.  Eng.  Standard),  which  would  augment  the  resistance  about  20 
per  cent.  If  full  load  is  applied  to  a  transformer,  the  resistance 
drop  will  increase  about  20  per  cent  after  a  run  sufficiently  long  to 
give  the  maximum  temperature.  Therefore  the  regulation  and  the 
copper  loss  when  "  hot "  are  about  20  per  cent  greater  than  when 
"cold."  Both  values  are  often  given,  but  the  former  is  generally 
the  proper  one  to  consider,  the  other  representing  merely  a  tem- 
porary condition.  In  calculating  efficiency,  it  has  been  shown  on 
page  162  that  this  variation  makes  very  little  difference,  since  the 
losses  are  only  partly  due  to  resistance ;  but  regulation  is  directly 
proportional  to  the  latter,  and  any  change  in  one  produces  a  corre- 
sponding change  in  the  other. 

The  time  required  for  a  transformer  to  reach  maximum  work- 
ing temperature  depends  upon  its  size  and  construction,  being  usu- 
ally between  6  and  18  hours.  For  this  reason  a  transformer  that 
operates  at  full  load  for  shorter  periods  might  properly  have  its 
regulation  and  efficiency  determined  after  an  ordinary  run. 

Although  the  regulation  of  transformers  appears  to  be  good, 
the  drop  at  full  load  being  only  1  to  3  per  cent,  nevertheless  it  is 
a  serious  difficulty  in   alternating  current  distribution.       This  is 
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because  it  is  in  addition  to  variations  in  the  generator,  lines,  etc., 
which  occur  on  any  electrical  circuit.  Even  if  hand  or  automatic 
regulation  at  the  station  counteracts  any  drop  in  the  generator  and 
lines,  it  is  impossible  to  overcome  the  drop  in  each  transformer,  since 
one  may  be  heavily,  and  another  lightly,  loaded  on  the  same  cir- 
cuit. Being  about  equal  to  the  drop  in  the  house  wiring,  it  doubles 
the  local  fall  in  voltage.  For  example,  a  loss  of  2  per  cent  in  the 
wiring  would  not  be  very  noticeable,  but  a  variation  of  4  per  cent 
is  objectionable.  What  is  needed  is  some  means  of  raising  the 
secondary  voltage  automatically  with  increase  of  load,  that  is, 
something  similar  to  compound  winding  in  a  generator.  This 
might  be  made  to  compensate  for  the  drop  in  the  transformer,  and 
in  the  wiring  as  well.  Unfortunately  no  such  device  has  yet  been 
applied  practically.  The  various  methods  of  regulation  employed 
for  alternating  current  systems  will  be  described  in  the  next  chap- 
ter, but  none  of  them  overcome  this  particular  trouble. 

Another  difficulty  in  this  connection  is  the  fact  that  the  drop 
in  a  transformer  is  aggravated  by  inductive  load.  For  example,  a 
transformer  which  falls  only  2  per  cent  in  voltage  at  full  non-induc- 
tive load,  will  have  a  drop  of  about  4  or  6  per  cent  with  a  full  load 
having  a  power  factor  of  80  per  cent.  With  lower  power  factors 
which  often  obtain  in  practice,  the  regulation  would  be  still  worse. 

Methods  of  Cooling  Transformers.  The  total  iron  and  copper 
losses,  ordinarily  amounting  to  2  to  4  per  cent,  appear  as  heat  in 
the  core  and  coils ;  and  since  this  production  of  heat  goes  on  con- 
tinuously so  long  as  a  transformer  is  in  operation,  some  means 
must  be  provided  to  prevent  the  temperature  from  rising  above  a 
certain  safe  limit.  With  small  transformers  their  surface  is  rela- 
tively large  compared  with  the  heat  produced,  so  that  the  latter  is 
dissipated  by  radiation,  conduction,  and  convection  sufficiently  fast 
to  prevent  excessive  rise  in  temperature  even  for  a  continuous  run 
at  full  load.  In  larger  transformers  the  losses  increase  more 
rapidly  than  the  surface,  so  that  some  special  means  must  be  pro- 
vided for  cooling  them.  These  losses  are  by  no  means  inconsider- 
able; a  100  k.w.  transformer,  for  example,  having  about  2  k.w. 
loss,  which  is  sufficient  energy  to  supply  forty  16  c.p.  lamps.  The 
more  rapidly  that  heat  is  taken  away  from  a  transformer,  the 
greater  may  be  its  output  without  exceeding  the  allowable  tempera- 
ture rise.     In  other  words,  smaller  quantities  of  iron  and  copper 
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are  required  for  a  given  capacity  in  k.w.  if   effective   means  of 
cooling  are  provided. 

XETBDDe  OF  OOOUHO  TRAinaORlCBB& 

1.  Self-cooling  dry  transformers. 

2.  Self-cooling  oil-filled  transformers. 

3.  Transformers  cooled  by  forced  .current  of  air. 

4.  Transformers  cooled  by  forced  current  of  water. 

5.  Transformers  cooled  by  combination  of  above  means. 

Self-cooling  dry  transformers.  It  has  just  been  explained  that 
smaller  sizes  do  not  require  any  special  means  of  cooling,  since 
their  surface  is  relatively  large.  Some  larger  types  up  to  50  k.w. 
are  also  made  in  this  Avay ;  but,  as  stated  above,  they  are  heavier 
and  more  expensive  than  the  following  forms. 

Self-cooling,  oil-filled  transformers  are  very  generally  employed, 
the  entire  core  and  coils  being  immersed  in  oil.  Transformers  are 
practically  alAvays  enclosed  in  a  cast  or  sheet  iron  case,  and  this  is 
simply  filled  with  oil.  No  increase  in  cooling  surface  is  thereby 
secured,  but  the  natural  circulation  of  the  oil  tends  to  equalize  the 
temperature  of  the  various  parts,  and  carries  the  heat  to  the  case 
from  which  it  is  dissipated.  In  most  self-cooling  types  the  case  is 
made  with  external  ribs  or  corrugations  to  increase  its  surface. 
The  large  volume  of  oil  also  absorbs  considerable  heat,  so  that  the 
temperature  rises  more  slowly ;  hence  for  moderate  periods  of  opera- 
tion up  to  3  or  4  hours,  which  is  ordinarily  sufficient  in  electric 
lighting,  the  maximum  temperature  would  not  be  reached.  An- 
other advantage  gained  by  this  arrangement  is  an  improvement  in 
insulation.  This  is  due  to  the  high  insulating  qualities  of  the  oil 
itself,  and  to  the  fact  that  a  disruptive  discharge  takes  place 
through  it  much  less  readily  than  through  the  air  that  it  displaces, 
distances  being  the  same.  It  possesses,  moreover,  the  power  of 
self -repairing  any  break  in  the  insulation.  If  ordinary  materials, 
such  as  cloth  or  mica,  become  punctured,  they  lose  their  insulating 
properties,  and  the  apparatus  cannot  be  used  until  the  fault  is 
repaired,  which  ordinarily  involves  considerable  time  and  expense. 
On  the  other  hand,  if  oil  is  punctured,  it  tends  to  close  in  and 
repair  the  break,  unless  the  discharge  lasts  so  long  that  a  charring 
occurs,  which  may  make  a  permanent  conducting  path. 

The  chief  objection  to  the  use  of  oil  is  the  danger  of  fire.  If 
a  short-circuit  occurs  inside  of  the  transformer,  the  oil  may  be 
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thrown  out  and  ignited  at  the  same  time,  or  a  fire  started  in  some 
other  way  might  be  made  far  more  disastrous  by  the  presence  of 
a  large  quantity  of  oil.  In  this  way  several  plants  have  been  de- 
stroyed by  fire  with  large  loss  of  property.  There  is  no  special 
precaution  that  will  entirely  eliminate  this  risk  ;  but  care  in  locating 
such  transformers,  in  avoiding  overheating,  and  in  protecting  them 
by  effective  lightning  arresters,  will  reduce  the  hazard. 

Air-blast  transformers  are  now  commonly  employed,  and  have 
the  advantages  over  the  oil-cooled  type,  that  the  danger  of 
fire  is  avoided,  and  the  cooling  effect  may  be  regulated  in  ac- 
cordance with  the  working  conditions.  They  are  so  constructed 
that  air  can  circulate  through  and  around  the  core  and  coils,  the 
ventilation  being  forced  by  a  blower  driven  by  a  motor.  A  trans- 
former of  100  k,w.  capacity  requires  about  350  cubic  feet  of  air 
per  minute  at  a  pressure  of  .4  ounce  per  square  inch,  the  power 
consumed  being  less  than  ^\y  of  one  per  cent  of  the  full-load  out- 
put of  the  transformer.  The  flow  of  air  is  controlled  by  dampers, 
and  the  proper  amount  may  be  determined  from  its  temperature 
as  it  issues  from  the  top ;  ordinarily  this  should  not  be  more  than 
20°  C,  above  that  of  the  atmosphere. 

Water-cooled  transformers  are  also  oil-filled  in  most  cases.  A 
continuous  flow  of  cool  water  is  maintained  through  pipes  im- 
mersed in  the  oil,  through  a  water  jacket  formed  in  the  casing,  or 
through  the  conductors  (primary  or  secondary)  themselves  if  they 
are  sufficiently  large.  It  is  the  most  effective  method  of  coolings 
and  is  very  convenient  for  water-power  plants,  the  supply  and 
pressure  being  at  hand.  Where  a  natural  flow  is  not  available,, 
pumps  or  the  city  water  mains  may  be  utilized.  It  is  found  that 
about  i  gallon  of  water  per  minute  is  sufficient  for  a  150  k.w. 
transformer.  This  type  requires  the  least  weight  of  iron  and 
copper  for  a  given  output,  since  its  heat  is  carried  away  most 
rapidly. 

Instead  of  having  a  flow  of  water,  the  oil  itself  may  be  drawn 
off,  cooled,  and  then  returned  by  means  of  a  pump  driven  by  a 
motor.  In  any  of  these  types  of  transformers  depending  upon 
forced  circulation  of  air,  water,  or  oil,  it  is  vitally  important  to 
avoid  any  stoppage  of  the  flow,  as  it  is  likely  to  cause  a  bum-out. 

Phase  Relations  In  Transformers.  If  E'  a  certain  alternating 
E.M.F.  is  impressed  upon  the   primary  coil  of  a  transformer,  a 
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primary  current  /'  flows,  which  sets  up  an  alternating  flux  in  the 
iron  core.  This  in  turn  induces  an  alternating  E.M,F.  in  the 
secondary  coil,  which  produces  a  current  provided  the  secondary  cir- 
cuit is  closed.  The  secondary  E,M.F.  E"  is  ahnost  exactly  opposite 
in  phase  to  £"'  the  primary  E,M,F,y  as  represented  in  Figs.  130  and 
131.  If  the  secondary  circuit  is  open,  the  primary  current  /', 
which  is  then  called  the  exciting  current,  lags  behind  E'  a  certain 
amount,  being  usually  about  45°  as  indicated.  When  the  second- 
ary circuit  is  closed,  and  any  current  greater  than  one-tenth  of  full 
load  flows  in  it,  the  primary  current  /'  is  brought  very  nearly  in 
phase  with  E\  so  that  the  power  factor  is  practically  100  per  cent 
provided  the  secondary  circuit  is  non-inductive ;  these  conditions 
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Fig:  180  and  131.    TrauBformgr  Phof  /Selationa. 

being  shown  in  Figs.  132  and  133.  The  magnetization  M.  (i.e. 
alternating  flux)  in  the  core  differs  in  phase  by  90°  from  E'  and 
also  from  E'\  In  other  words,  the  maximum  flux  occurs  one- 
quarter  period  later  than  the  maximum  impressed  E.M.F.  This 
is  because  the  E.M.F.  is  zero  when  the  flux  is  a  maximum  and 
does  not  vary  (at  180°  in  Fig.  133) ;  also  the  E.M.F.  is  highest 
when  variation  of  flux  is  most  rapid  (at  270°  in  Fig.  133).  The 
magnetization  is  nearly  constant  for  all  loads,  except  that  it  de- 
creases slightly  at  heavy  load,  owing  to  magnetic  leakage.  Conse- 
quently the  ratio  of  transformation  (E':E'')  is  nearly  constant, 
being  practically  equal  to  the  ratio  of  the  number  of  turns  in  the 
primary  and  secondary  coils.  For  simplicity  in  the  diagrams,  E" 
is  made  one-half  of  E'y  so  that  /"  would  be  about  twice  as  great  as 
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r  since  the  secondary  watts  are  almost  equal  to  the  primary  watts, 
the  efficiency  being  96  to  98  per  cent.  In  the  primary  circuit, 
besides  the  impressed  E.M.F.^  we  have  the  E.M,F.  of  self-induc- 
tion and  of  mutual  induction.  With  open  secondary,  there  is  no 
mutual  induction,  and  the  EM.F,  of  self-induction  is  opposed 
and  nearly  equal  to  the  impressed  E.M,F.,  so  that  very  little 
current  flows,  usually  only  1  to  3  per  cent  of  full  load.  But 
when  current  is  drawn  in  the  secondary,  the  E,M,F,  of  mutual 
induction  rises  and  tends  to  neutralize  the  E,M.F,  of  self-induction, 
so  that  the  primary  current  increases  proportionally.  These  con- 
stitute the  main  physical  quantities  involved  in  the  action  of  a 
transformer ;  but  in  addition  there  are  certain  other  factors  which 
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Fig;  182  tuid  188,    Transformer  Rhaas  Relations, 

are  smaller,  but  play  parts  of  some  importance.  One  of  these  is 
the  magnetising  current  which  overcomes  the  reluctance  of  the 
core.  This  lags  90°  behind  E'  the  impressed  E,M.F.,  and  is 
therefore  wattless.  The  current  which  supplies  the  core  loss 
(hysteresis  and  eddy  currents)  is  the  other  component  of  the  excit- 
ing current  /'  in  Fig.  130.  It  is  in  phase  with  E\  and  represents 
real  power.  In  practice  these  two  components  are  usually  about 
equal,  producing  approximately  45°  lag  with  no  load. 

The  resistance  drop  in  voltage  in  the  primary  and  secondary 
coils  {FR'  and  F'R")  are  also  small  quantities  which  must  be 
considered,  since  they  afifect  the  regulation  as  already  explained 
under  that  head.  The  primary  resistance  drop  is  usually  i  to  1 
per  cent  of  the  primary  E,M,F.,  and  the  same  for  the  secondary. 
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Their  effect  at  full  load  is  to  increase  the  apparent  ratio  of  trans- 
formation as  measured  at  the  terminals,  in  practice  producing  a 
fall  in  secondary  voltage  corresponding  to  their  sum. 

Magnetic  leakage  is  still  another  small  quantity  that  affects  the 
action  of  a  transformer.  It  interferes  with  the  regulation  by 
increasing  the  fall  in  secondary  voltage  usually  about  \  per  cent, 
with  full  non-inductive  load  as  stated  on  page  165,  and  more  than 
this,  with  inductive  loads.  Its  effect  is  similar  to  that  of  inductance 
introduced  in  the  primary  circuit. 

Inductance  in  the  secondary  circuit  produces  a  lag  of  secondary 
current  behind  secondary  E,M.F,y  the  same 
as  for  other  alternating  current  circuits,  the 
angle  being  shown  in  Fig.  82.  This  pro- 
duces a  corresponding  lag  in  the  primary 
circuit,  so  that  the  power  factors  of  both  are 
reduced,  being  equal  to  the  cosine  of  the 
lag  angle.  The  regulation  is  made  much 
poorer  by  this  condition,  the  drop  in  second- 
ary voltage  being  increased  from  1  per  cent 
with  non-inductive  load  to  2\  per  cent  with 
.90  power  factor  or  26°  lag.  In  fact,  this 
causes  serious  trouble  when  there  are  induc- 
tion motors  or  other  inductive  load  on  the 
same  circuits  with  lights. 

Resistance  drop  with  lagging  current  is 
represented  in  Fig.  134,  in  which  OA  is  the 
useful  portion  of  the  impressed  E.M.F,y  OB 

is  the  total  E.M.F,  induced  in  the  secondary  coil,  OT  is  the 
prin^ary  and  01"  the  secondary  current,  OF  being  the  phase  of  the 
magnetization.  The  primary  resistance  drop  I' R'  is  in  phase  with 
the  primary  current  /',  and  similarly  I" R"  is  in  phase  with  /",  hence 
the  impressed  E.M.F.  is  0E\  and  the  secondary  E.M.F.  is  OE". 
The  ratio  of  transformation  at  no  load  is  OA  -s-  OBy  and  at  full 
load  it  is  OE'  -*•  OE"y  which  is  considerably  greater,  so  that  the 
secondary  voltage  must  fall  if  the  impressed  E.M.F,  is  constant. 

Constant  Current  Transformers.  For  the  operation  of  arc  or 
incandescent  lamps  on  series  circuits  an  approximately  constant 
current  is  required.  In  direct  current  distribution  this  is  produced 
by  the  Brush  and  other  well-known  types  of  self -regulating  dyna- 
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mos.  Corresponding  machines  have  been  designed  for  the  alter- 
nating current,  but  it  is  a  more  common  practice  to  obtain  a  con- 
stant alternating  current  from  the  secondary  circuits  of  special 
forms  of  transformer,  the  primary  circuits  of  which  are  supplied  in 
parallel  at  constant  potential.  A  prominent  example  is  the  Gen- 
eral Electric  constant  current  transformer  illustrated  in  Figs.  185 


Fig.  135.    Constant  Current  Transformer. 

and  136.  In  its  simplest  form,  it  consists  of  a  core  of  the  double 
magnetic  circuit  type  with  three  vertical  limbs,  and  two  flat  coils 
placed  around  the  central  limb.  The  lower  coil,  usually  the  pri- 
mary, is  fixed,  while  the  upper  is  suspended  and  balanced  so  that  it 
can  move  up  and  down  a  considerable  distance.  The  larger  trans- 
formers have  one  fixed  primary  below,  and  another  above  with  two 
secondary  coils  which  are  balanced  on  levers  and  move  in  opposite 
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directions,  as  shown  in  Fig.  135.     Very  large  sizes  sometimes  have 
four  sets  of  coils  with  a  single  magnetic  circuit. 

When  currents  flow  in  the  primary  and  secondary  coils,  a  repul- 
sion is  produced  between  the  coils,  so  that  they  tend  to  move  away 
from  each  other.  For  a  given  secondary  current  (usuaUy  6.6 
amperes  for  enclosed  arcs),  the  repulsion  is  balanced  by  a  certain 
weight,  so  that  any  increase  in  current  due  to  cutting  out  of  lamps 
in  series  causes  the  coils  to  separate,  and  vice  versuy  thus  automati- 
cally maintaining  a  nearly  constant  current.  The  quadrants  on  the 
levers  are  made  adjustable,  because  the  repulsion  for  a  given  cur- 
rent is  not  the.  same  for  all  positions  of  the  coils,  being  greater 
when  they  are  close  together. 
This  enables  the  current  to 
be  kept  almost  exactly  con- 
stant from  one-third  to  full 
load,  but  in  practice  these 
transformers  are  usually  ad- 
justed so  that  the  current  at 
half  load  is  10  per  cent  less 
than  at  full  load.  This  is 
done  because  the  wave  form 
of  moet  alternators  produces 
an  increase  in  voltage  at  the 
lamps  when  the  constant  cur- 
rent transformer  is  working 
on  light  loads.  The  full-load  efficiency  varies  from  about  96.5  per 
cent  for  100-light  transformers  to  about  94.5  per  cent  for  25-light 
transformers.  The  whole  apparatus  is  placed  in  an  iron  case  with 
corrugations  to  increase  the  cooling  surface,  which  is  filled  with 
oil  in  order  to  carry  away  the  heat,  increase  the  insulation,  and 
serve  as  a  dash-pot  to  prevent  too  rapid  movement  of  the  coils. 

These  transformers  will  operate  without  much  attention,  and 
may  be  placed  in  the  stations  where  the  current  is  generated,  in 
sub-stations,  or,  if  specially  designed,  in  manholes  under  the 
street. 

Two  100-light  transformers  of  this  kind  tested  by  Professor 
W.  L.  Robb  and  described  by  him  in  a  paper  on  this  subject  * 
gave  the  following  average  results  : 

»  Transact.  Amer.  Inst.  Elec.  Eng.,  September,  1899. 


Fig,  186.    Qomttant  Current  Transformer. 
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Load. 

Efficiency. 

POWBR   FaCTOE. 

One-quarter 

88.1  per  cent 

24  per  cent 

One-half 

92.3    "      »* 

44     "      " 

Three-quarters 

94.9    "      " 

62     "      " 

Full 

96.1    "      " 

78     "      " 

The  low  power  factor  and  efficiency  at  small  loads  make  it  un- 
desirable to  operate  these  transformers  below  70  or  80  per  cent  of 
their  rated  capacity.  In  street-lighting,  for  which  they  are  most 
often  used,  the  load  is  generally  at  least  80  or  90  per  cent  of  the 
full  amount,  hence  this  objection  does  not  apply. 

Other  forms  of  constant  current  transformer  have  been  designed 
by  the  Fort  Wayne  Company  and  others,  the  coils  being  station- 
ary, and  the  regulation  being  due  entirely  to  magnetic  leakage  and 
resistance  drop.     In  this  case  the  leakage,  which  is  most  carefully 

avoided  in  constant  potential 
transformers,  is  purposely  ex- 
aggerated by  the  arrangement 
illustrated  in  Fig.  137.  Any 
rise  of  current  in  the  secondary 
coil  5  tends  to  "blow  out"  the 
flux  produced  by  the  primary 
coil    Pi  the  magnetic  leakage 

f\g,  187,    Constant  Current  Transformer.  aCrOSS  the  air-gap  G  increasing 

at  the  same  time.  This  tends 
to  prevent  the  secondary  current  from  varying,  even  though  the 
resistance  in  the  secondary  circuit  is  altered  considerably.  In  such 
a  transformer  the  current  does  not  rise  more  than  10  per  cent 
when  the  load  (i.e.,  number  of  lamps  in  series)  is  increased  from 
one-quarter  to  full  value. 

The  methods  of  connecting  and  operating  these  transformers 
will  be  discussed  in  the  next  chapter. 

Protective  Devices  for  Transformers.  In  almost  all  cases  the 
primary  and  secondary  circuits  of  transformers  are  designed  to 
operate  at  widely  different  voltages.  For  electric  lighting  the 
ordinary  primary  pressure  is  about  2000  volts,  and  the  secondary 
about  100  or  200  volts.  In  long  distance  transmission  the  higher 
pressure  may  be  10,000  to  30,000  volts,  or  even  more.  Evidently 
it  is  a  very  serious  matter  if,  by  failure  of  insulation  or  other  cause, 
the  high-voltage  current  breaks  through  to  the  low-voltage  circuit. 
The  latter  is  not,  and  in  practice  cannot  be,  sufficiently  well  insu- 
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lated  to  withstand  the  effects  of  the  high  pressure.  Moreover,  the 
danger  to  persons  is  very  great,  since  the  presence  of  the  deadly 
current  is  likely  to  be  entirely  unexpected.  There  would  be  little 
object  in  using  a  transformer  if  the  low-tension  circuit  had  to  be 
treated  with  the  same  precautions  as  the  high-tension.  In  fact, 
this  is  a  grave  difficulty  in  the  operation  of  transformers.  The 
high-voltage  may  break  or  leak  through  to  the  low-voltage  circuit, 
either  on  account  of  defective  insulation  between  the  primary  and 
secondary  coils  inside  of  the  transformer,  or  it  may  occur  through 
accidental  contact  of  the  primary  and  secondary  conductors  out- 
side of  the  transformer.  In  either  case  the  trouble  is  often  due 
to,  or  developed  by,  lightning  or  other  atmospheric  electrical  dis- 
charges. For  this  reason  transformers  working  on  overhead  lines 
are  more  likely  to  have  difficulties  of  this  kind  than  those  used 
in  connection  with  underground  wires. 

The  princip^al  means  employed  to  avoid  or  mitigate  the  effects 
of  interconnection  between  primary  and  secondary  circuits  of 
transformers  are : 

1.  Tests  of  insulation  by  manufacturer. 

2.  Lightning  arresters. 

3.  Devices  for  automatically  grounding  the  secondary  circuit 
when  its  pressure  rises  abnormally. 

4.  Grounded  metallic  shield  interposed  between  primary  and 
secondary  circuits. 

5.  Permanent  grounding  of  secondary  circuit. 

6.  Test  wires  run  from  the  station  to  the  secondary  circuits  of 
transformers. 

7.  Periodical  testing  of  transformer  insulation  by  extra  high 
pressure  to  develop  latent  faults. 

8.  Insulation  tests  of  primary  circuits  of  system. 

All  transformers  should  be  tested  for  insulation  strength  by 
their  manufacturers.  A  testing  pressure  at  least  twice  the  rated 
voltage,  ix.y  twice  the  higher  voltage,  should  be  applied  for  not  less 
than  one  minute.  Tests  are  made  between  the  primary  and  the 
core  or  case,  and  between  the  primary  and  secondary  coils.  In  very 
high-voltage  transformers  (10,000  to  20,000  volts)  it  is  sufficient 
to  connect  at  rated  pressure  first  one  and  then  the  other  terminal 
of  the  high-voltage  winding  to  the  core  and  to  the  low-voltage  wind- 
ing.    This  subjects  the  insulation  to  twice  the  normal  pressure. 
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Lightning  Arresters  are  described  in  Vol  I.  Chapter  XXIV. 
In  connection  with  transformers  they  are  very  important,  as  many 
of  the  cases  of   break-down  of  insulation  are  caused  by  atmos- 
pheric electricity. 

The  automatic  grounding  of 
the  secondary  circuit  by  abnor- 
mal rise  in  its  voltage  is  accom- 
plished by  various  devices.  One 
of  these  commonly  used  in  Eng- 
land is  the  "  Cardew  earthing- 
device."  It  consists  of  two 
horizontal  brass  plates,insulated 
and  separated  from  one  another 
by  J  inch  of  air  space,  the  up- 
per being  connected  to  the 
secondary  circuit  of  the  trans- 
former, and  the  lower  being 
well  grounded.  A  thin  strip 
of  aluminum  foil  is  attached  at  one  end  to  the  lower  plate  and  rests 
upon  it.  A  lug  on  the  upper  plate  approaches  to  within  ^  inch 
of  the  free  end  of  the  foil. 
When  the  potential  of  the 
upper  plate  rises  above  300 
volts,  due  to  accidental  con- 
nection with  the  primary,  or 
other  circuit,  the  foil  is  at- 
tracted upward  electrostatic- 
ally, thereby  making  contact 
with  the  lug,  and  grounding 
the  secondary  circuit.  This 
will  in  most  cases  blow  the 
■  fuses  in  the  primary  circuit, 
and  cut  off  the  dangerous 
current. 

The  film  cut-out  invented 
by  Professor  Elihu  Thomson 

:  is  similar  to  the  Cardew  device,  the  difference  being  that  thin  paper 
or  other  insulating  material  is  used  in  place  of  the  air-gap.  This  is 
punctured   by   excessive   voltage,    and   the   secondary    circuit    is 
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grounded,  as  is  evident  from  Fig.  138.  A  similar  automatic  device 
is  indicated  in  Fig.  139,  the  secondary  being  grounded  when  an 
electrostatic  balance  is  caused  to  act  by  abnormal  potential.  It  is 
not  necessary  that  these  or  other  devices  should  be  connected  to 
both  wires  of  the  secondary  circuit,  as  in  Figs.  138  and  139 ;  one 
ground  connection  being  sufficient,  but  two  are  less  likely  to  fail. 
Another  automatic  means  of  ground- 
ing consists  of  an  electromagnet  in 
series  with  a  vacuum  tube  between 
the  secondary  circuit  and  the  ground. 
When  the  potential  rises  above  a  cer- 
tain value,  it  produces  current  enough 
through  the  magnet  to  cause  it  to 
operate  a  mechanism  that  grounds 
the  secondary  circuit. 

All  of  these  automatic  groimding 
devices  are  open  to  the  objections  that 
they  do  not  act  instantly,  so  that  the 
insulation  might  break  down  before  they  operated ;  besides  which 
they  might  fail  because  they  depend  upon  contact  points  and 
mechanism. 

A  grounded  metallic  shield  between  primary  and  secondary 
coils  is  another  form  of  protective  device 
due  to  Professor  Thomson.    It  is  simply 

= a  covering  of  sheet  metal,  placed  between 

the  primary  and  secondary  windings  in 
such  a  manner  that  it  is  impossible  for 

P  current  to  leap  from  one  to  the  other 

without  passing  through  the  shield,  which 
naturally  leads  it  away  to  the  ground 
(Fig.  140),  thus  protecting  the  low-ten- 
sion circuit. 

The  permanent  grounding  of  the 
secondary  circuit,  indicated  in  Fig.  141, 
is  perhaps  the  most  positive  means  of  protection,  but  is  open 
to  some  objections.  It  was  formerly  forbidden  by  insurance 
rules  in  this  country,  but  is  now  permitted.  The  ground  connec- 
tion should  be  a  very  good  one,  similar  to  that  required  for  light- 
ning arresters  (Vol.  I.,  p.  487),  and  the  wire  leading  to  it  should 
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have  a  current  capacity  fully  equal  to  that  of  those  portions  of  the 
primary  and  secondary  circuits  through  which  the  current  might 
pass  to  the  ground. 

The  objections  to  this  arrangement  are : 

1.  Insurance  authorities  have  opposed  any  grounding  of  strong 
current  electric  circuits  used  inside  of  buildings,  because  a  single 
fault  would  then  cause  a  short  circuit  or  leak,  whereas  with  com- 
pletely insulated  circuits  two  simultaneous  faults  are  required. 

2.  A  permanent  ground  connection  invites  trouble,  since  with 
it  a  break-down  in  insulation  between  primary  and  secondary  is 
more  likely  to  occur  than  without  it. 

3.  Certain  conditions  may  arise  under  which  trouble  will  be 
aggravated  by  the  ground  connection. 

The  first  of  the  above  objections 
I  §^.  is  minimized  by  requiring  the  ground 

□'  ^ connection  to  be  made  at  the  neutral 

►  point  of  the  secondary  circuit.    In  case 

^^^  the  latter  is  a  three-wire  system,  this  is 

<  •      t  the  middle  or  neutral  wire  as  represent- 

ed in  Fig.  142.  With  a  two- wire  sec- 
ondary circuit  the  middle  ix>int  of  the 
secondary  coil  may  be  grounded,  a  con- 
nection being  brought  out  for  the  pur- 
pose. By  grounding  the  neutral  point 
instead  of  one  of  the  outer  conductors, 
the  voltage  is  divided  in  halves,  so  that  the  tendency  to  break  down 
insulation  is  reduced  in  still  greater  proportion. 

The  fact  that  the  insulation  between  primary  and  secondary  is 
more  likely  to  break  down  if  the  latter  is  grounded,  is  self-evident ; 
but  it  may  be  answered  that  the  consequences  are  provided  for,  and 
the  total  danger  is  reduced.  There  are,  however,  certain  possible 
conditions  which  might  cause  serious  trouble  on  a  grounded  sec- 
ondary circuit.  For  example,  an  accidental  connection  between 
the  primary  and  secondary  circuits  may  allow  the  primary  current 
to  flow  through  the  whole  or  part  of  the  secondary  coil.  This  will 
tend  to  produce  an  abnormally  high  voltage  in  the  latter  that  may 
rise  to  several  times  the  ordinary  value,  so  that  lamps,  sockets, 
insulation,  etc.,  will  be  burnt  out.  In  order  for  this  to  take  place 
the  primary  circuit  must  happen  to  have  a  ground  connection  on 


0  0  0^  c^ioov. 


(j)  0  CJ)   (j)      100V. 


¥\g.  142,    Swon^ary  Circuit  with 
Neutral  Point  QroundBd. 


Digitized  by  VjOOQIC 


TRANSFO/iMER^\  179 

the  side  opposite  to  that  on  which  the  accidenta.  contact  with  the 
secondary  exists.  It  is  necessary  also  that  this  last-named  fault 
should  be  on  the  primary  wires  before  they  reach  the  transformer, 
otherwise  the  primary  fuses  would  blow,  and  cut  off  the  current 
entirely.  In  short,  this  combination  of  circumstances  is  not  likely 
to  occur,  and  if  it  did  the  danger  would  be  great  whether  the  sec- 
ondary were  grounded  or  not. 

Test  wires  may  be  run  from  the  central  station  and  connected 
to  the  secondary  circuits  of  the  various  transformers.  This  per- 
mits the  insulation  resistance  between  each  of  the  primary  wires 
and  the  secondary  circuits  to  be  determined  at  the  central  station. 
In  fact,  a  ground  detector  may  be  used  which  would  instantly  indi- 
cate a  fault.  A  single  test  wire  might  be  used ;  but  it  is  better  to 
divide  the  transformers  into  groups,  each  of  which  has  its  own  wire, 
so  that  any  trouble  may  be  located  more  readily.  These  wires  may 
be  quite  small. 

Periodical  tests  of  the  insulation  of  each  transformer  should  be 
made  at  least  once  a  year.  A  small  step-up  transformer  is  carried 
to  the  places  where  the  tests  are  to  be  made.  Its  secondary  vol- 
tage should  be  at  least  twice  the  primary  voltage  of  the  system,  and 
its  current  capacity  at  least  four  times  the  charging  current  that 
flows  during  any  test.  Its  primary  is  connected  to  the  high-voltage 
lines,  and  one  terminal  of  its  secondary  is  connected  to  the  primary 
and  the  other  to  the  secondary  of  the  house  transformer,  which 
must  be  disconnected  previously  from  both  primary  and  secondary 
circuits.  This  pressure  is  applied  for  one  minute,  thus  subjecting 
the  insulation  between  the  primary  and  secondary  circuits  to  twice 
the  working  voltage,  which  is  likely  to  develop  any  fault.  A  fuse  is 
put  in  the  circuit  to  protect  it  in  case  the  insulation  is  punctured. 

Insulation  tests  of  the  primary  circuit  by  means  of  ground 
detectors  and  special  measurements  are  very  important  on  systems 
using  transformers,  since  any  defect  in  the  insulation  of  the  latter 
will  almost  certainly  lower  the  general  insulation  of  the  primary 
circuit,  giving  warning  of  some  trouble.  By  keeping  careful  watch 
on  the  insulation,  and  promptly  following  up  any  indications,  serious 
consequences  may  be  avoided.  This  method  differs  from  the  pre- 
ceding one  in  the  fact  that  no  test  wires  are  required. 

Transformer  Fuse  Blocks  or  Cut-outs.  To  protect  transformers 
from  excessive  currents,  fuses  are  inserted  in  the  primary  circuit. 
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The  boxes  or  blocks  which  contain  these  fuses  may  be  attached  to 
or  combined  with  the  transformer  as  illustrated  in  Fig.  128,  or  they 
may  be  entirely  separate  from  it  as  shown  in  Fig.  143.  In  either 
case  the  fuse  itself  is  usually  inclosed  in  or  carried  by  a  tube  or 
plug  of  porcelain  which  is  easily  inserted  and  withdrawn  through  a 
hole  in  the  box  in  order  to  facilitate  the  inspection  or  renewal  of  a 
fuse.  Fuse-blocks  are  made  either  double-  or  single-pole  as  repre- 
sented in  the  two  illustrations  cited.  The  presence  of  a  fuse  in 
the  primary  circuit  protects  the  secondary  circuit  also,  since  an 
abnormal  current  in  the  latter  causes  a  corresponding  increase  in 
the  primary  current  which  will  blow  the  fuse  and  open  the  circuit. 


Fig.  143.    Tran$fonn9r  Cut-outa. 

In  most  cases  the  secondary  circuit  is  further  protected  by  fuses 
inserted  in  the  local  or  house  wiring. 

Testing  Transformers.  For  determining  efficieticy  various 
methods  have  been  employed.  That  used  by  Professor  Ryan  *  con- 
sisted in  tracing  out  by  means  of  instantaneous  contacts  the  curves 
of  primary  and  secondary  E.M,F.  and  of  primary  current,  the  sec- 
ondary current  being  measured  by  an  ammeter.  Having  obtained 
these  curves,  the  power  in  each  circuit  was  calculated,  and  the  ratio 
gave  the  efficiency.  This  method  also  has  the  advantage  that  the 
exact  form  and  phase  relations  of  the  several  waves  are  brought 
*  Trans.  Amer.  Inst.  Elec.  Eng.,  Dec,  1889. 
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out.  Mr.  W.  Mordey  *  proposed  to  find  the  efficiency  of  a  trans- 
former by  running  it  at  the  given  load  until  a  constant  temperature 
is  reached  as  determined  by  a  thermometer  or  by  a  resistance  test. 
Direct  currents  are  then  passed  through  the  coils  of  such  strength 
that  their  heating  effect  maintains  the  same  constant  temperature. 
It  follows  that  the  direct  current  power  {=  PR=^EI)y  which  is 
easily  measured  by  volt-  and  ampere-meters  or  by  a  watt-meter, 
must  be  equal  to  the  total  losses  with  the  alternating  current. 
Calorimetric  methods  have  been  used  by  Dr.  L.  Duncan,  f  the  total 
losses  being  determined  by  placing  the  transformer  in  a  water,  oil, 
or  ice  calorimeter.  Both  of  these  last  methods,  depending  upon 
heat  measurements,  are  laborious  and  liable  to  error. 

Volt'  and  ampere-meters  may  be  employed  to  measure  the  pres- 
sures and  currents  in  the  primary  and  secondary  circuits.  If  the 
load  is  non-inductive  and  more  than  one-tenth  of  full  value  the  pro- 
duct of  secondary  volts  and  amperes,  divided  by  the  product  of  pri- 
mary volts  and  amperes,  is  the  efficiency.  With  very  light  load  or 
with  inductive  load  the  current  lags  behind  the  E,M.F,^  and  the 
voltamperes  must  be  multiplied  by  the  power  factor  (cos  ^)  to  get 
the  true  watts.  By  means  of  one  of  the  various  three-instrument 
methods,  the  true  power  can  be  determined;  but  the  simplest  plan 
is  to  measure  the  true  watts  in  the  primary  and  in  the  secondary 
circuits  with  wattmeters. 

Stray  power  methods  are  convenient  and  accurate,  the  losses 
being  determined  individually.  The  iron  losses,  which  we  have 
seen  are  constant  (page  154),  are  determined  by  a  wattmeter  in  the 
primary  circuit  when  the  secondary  is  open.  The  copper  losses 
may  be  calculated  for  any  load  by  (69)  if  the  primary  and  second- 
ary currents  as  well  as  resistances  are  known  or  can  be  measured, 
which  is  usually  an  easy  matter.  Since  the  efficiency  is  always 
found  for  a  definite  load,  the  secondary  current  is  fixed  by  that 
fact.     The  primary  current  /'  is 

/'  =  y+/.  (76) 

in  which  /"  is  the  secondary  current,  k  the  ratio  of  transformation, 
and  /i  the  exciting  current  v/hich  flows  with  open  secondary.     If 

•  Jour.  Inst.  Elcc.  Eng.,  London,  vol.  XVIII.  p.6o8. 
t  Electrical  World,  vol.  IX.  p.  i88. 
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Ix  is  assumed  to  be  3  per  cent  of  /"  h-  k  the  error  in  the  efficiency 
will  be  very  slight.  Having  determined  the  iron  and  copper  losses 
the  efficiency  is  equal  to  the  secondary  watts  divided  by  the  second- 
ary watts  plus  the  losses  as  given  by  (72). 

Potential  Transformers  are  used  to  furnish  current  for  volt- 
meters or  wattmeters.  They  are  small  transformers  (Fig.  144), 
usually  mounted  on  the  switchboard,  their  function  being  to  con- 
vert high  voltages  to  lower  values  that  are  more  convenient  and 

safer  to  measure.  With 
a  definite  ratio  of  trans- 
formation, a  volt-  or  watt- 
meter supplied  from  the 
low-voltage  secondary 
circuit,  can  be  calibrated 
to  indicate  the  original  or 
primary  voltage.  If  the 
currents  consumed  pro- 
duce a  certain  percentage 
'of  drop  in  the  secondary 
voltage  a  corresponding 
error  is  introduced,  un- 
less the  instrument  is 
specially  calibrated  to 
allow  for  this.  A  simpler 
plan  is  to  use  a  trans- 
former having  sufficient 

F\g.  144.    Potential  Trantformer,  .  ^i_    ^  ^t_       i 

capacity  so  that  the  drop 
is  insignificant.  One  should  not  connect  additional  instruments  or 
pilot  lamps  to  a  potential  transformer  until  it  has  been  ascertained 
that  they  do  not  cause  an  objectionable  fall  in  secondary  voltage. 

Auto-Transformers.  In  these  devices  the  primary  and  second- 
ary currents  both  flow  in  a  single  winding.  The  circuits  of  one 
form  of  auto-transformer  are  represented  in  Fig.  145,  A  B  being 
a  coil  of  insulated  wire  wound  upon  an  iron  core  as  in  an  ordinary 
transformer.  When  the  coil  ^^  is  supplied  with  alternating  cur- 
rent from  the  primary  circuit  on  the  left,  diflFerences  of  potential 
are  established  between  the  various  parts  of  the  coil.  If  connec- 
tions are  made  to  it  at  the  points  C  and  A  which  divide  it  into 
three  equal  parts,  the  potential  difference  between  D  and  E  will 


Digitized  by  VjOOQIC 


TRANSFORMERS,  183 

be  one-third  of  the  total  voltage  applied  at  A  and  B,  and  between 
CEit  will  be  two-thirds  of  that  value.  Assuming,  for  example,  that 
300  volts  are  supplied  at  A  and  B,  then  100  volts  may  be  tapped 
off  from  D  and  E  and  200  volts  between  C  and  E. 

These  might  be  used  in  almost  exactly  the  same  way  as  the 
common  types  of  transformer  with  separate  primary  and  secondary 
circuits,  since  a  certain  number  of  watts  at  one  voltage  may  be 
converted  into  a  nearly  equal  number  of  watts  at  another  voltage. 

There  is  an  objection,  however,  to  auto-transformers,  arising 
from  the  fact  that  the  secondary  is  connected  directly  to  the  pri- 
.mary  circuit,  as  at  ^  and  E  in  Fig.  145.  Although  the  actual  vol- 
tage between  the  secondary  wires  may  not  be  high,  nevertheless 
conditions  may  arise  that  will  make  the  secondary 
circuits  very  dangerous.  For  example,  an  acci- 
dental ground  anywhere  on  the  primary  conductor 
A  will  subject  to  the  full  primary  voltage  a  per- 
son who  is  connected  to  the  earth  and  happens  to 
touch  the  secondary  wire  E,  It  is  practically  the 
same  as  if  the  primary  current  breaks  through  to 
the  secondary  circuit  in  an  ordinary  transformer,  ^^    ^^ 

and  we  have  seen  in  Figs.  138  to  142  what  pre-  Auto-Transformer, 
cautions  are  taken  to  make  this  danger  as  small 
as  possible.  On  this  account  auto-transformers  are  not  suitable  for 
general  use  on  high-tension  systems.  They  are  employed  chiefly 
for  series  circuits  in  electric  lighting,  as  described  under  that  head 
in  the  next  chapter.  They  are  used  also  in  place  of  dead  resistance 
for  starting  alternating  current  motors.  It  is  evident  that  they 
may  be  applied  as  compensators  to  subdivide  the  voltage  in  three- 
and  five-wire  systems  instead  of  the  machines  described  on  page  79. 

The  action  of  an  auto-transformer  is  similar  to  that  of  the  ordi- 
nary transformer.  In  either  case  the  primary  current  sets  up  an 
alternating  magnetic  flux  which  induces  an  E.M.F.  in  each  turn  of 
winding.  In  an  auto-transformer  there  is  only  one  winding;  but  if 
any  two  points,  as  D  and  E  in  Fig.  145,  are  connected  to  a  suitable 
circuit,  a  current  will  flow  through  it.  This  tends  to  produce  a 
demagnetizing  effect  similar  to  that  due  to  the  secondary  current 
of  the  common  transformer ;  hence  the  primary  current  increases, 
in  order  to  maintain  the  same  magnetization,  and  automatically 
adjusts  itself  to  supply  the  energy  drawn  in  the  secondary  circuit. 
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Reactive  and  choke  coils,  which  are  somewhat  similar  in  con- 
struction and  action,  will  be  described  as  means  of  regulation  in  the 
next  chapter. 

Standard  Types  of  Transformers.  The  following  table  gives 
data  concerning  standard  commercial  transformers  of  from  .6  to 
50  k.w.  capacity.  It  will  be  noted  that  the  125  cycle  type  has 
less  core  loss,  and  higher  efficiency,  but  poorer  regulation,  than 
the  60  cycle  type ;  the  differences,  however,  are  not  very  great. 

OENBBAIi   EliEOTRIO   TTPS    H   OZI«   TBANSFORICBBS. 

Adaptbd  for  rsB  on  60  to  140  Cycle  Circuits. 
Dau  Based  on  1040  or  2060  Volts  Primary  and  GO  Cycles  (Column  A),  or  125  Cycles  (Column  B). 
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Temperature  rise  not  exceeding  AEP  C.  for  A  and  40°  C.  for  B  in  8  hours  full  load. 

Temperature  determined  by  increase  of  resisunce  method. 

For  comparison  with  data  based  on  1000  or  2000  volts  primary,  deduct  7%  from  the  above  core  loss 
and  add  0.1  to  the  per  cent  regulation. 

The  above  transformers  are  suitable  for  operation  on  circuits  having  voltage  within  10%  above  or 
below  the  rating. 

Polyphase  Transformers.  Exactly  the  same  types  of  trans- 
formers as  those  used  for  single-phase  currents  may  be  employed 
.with  two-  and  three-phase  currents,  each  phase  or  branch  having 
its  own  transformer  or  set  of  transformers.  It  is  possible,  also,  ta 
construct  special  polyphase  transformers  in  which  the  magnetic 
circuits  are  combined  in  a  manner  analogous  to  that  in  which  the 
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electric  circuits  are  interconnected,  as  explained  with  reference  to 
Fig.  115.  In  this  way  a  certain  saving  in  the  material  of  the  iron 
core  is  effected;  but  they  are  more  complicated  in  construction  than 
ordinary  transformers,  and  are  seldom  used  in  this  country.  A 
description  of  them  may  be  found  in  Jackson's  Alternating  Currents^ 
page  683.  The  arrangement  and  operation  of  transformers  in 
connection  with  polyphase  systems  will  be  described  in  the  next 
chapter. 

For  further  information  regarding  the  theory,  construction,  and 
operation  of  transformers  reference  may  be  made  to  the  following 
works : 

The  Alternate  Current  Transformer^  by  J.  A.  Fleming,  new 
edition,  2  vols.  N.  Y.  and  London,  1896. 

Alternating  Current  Phenomena,  by  C.  P.  Steinmetz,  N.  Y., 
1900. 

Alternating  Currents,  by  D.  C.  and  J.  P.  Jackson,  N.  Y.  and 
London,  1896. 

The  Principles  of  the  Transformer,  by  F.  Bedell,  N.  Y.  and 
London,  1896. 
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CHAPTER   X. 

ALTBRNATXNG  CURRENT  S7STGM8  OF  DISTRIBUTION. 

The  facility  with  which  alternating  currents  may  be  trans- 
formed from  one  voltage  to  another  gives  possibilities  of  variation 
in  systems  of  distribution  that  are  greater  than  with  direct  cur- 
rents. Adding  to  this  the  transformation  from  two-  to  three-phase, 
and  from  alternating  to  direct  currents,  or  vice  versa,  by  rectifiers 
and  rotary  converters,  and  the  opportunity  for  elaboration  becomes 
almost  unlimited.  There  has  been  a  tendency  to  yield  to  this 
temptation,  and  go  too  far  in  the  complication  of  circuits  and  appa- 
ratus. Certain  systems  have  become  more  or  less  standardized 
and  generally  accepted,  but  alternating  current  practice  is  still  far 
less  definite  than  direct  current  work.  The  more  important  meth- 
ods will  be  classified  and  described  in  the  present  chapter. 

Alternating  Current  Series  Systems.  —  Series  circuits  corre- 
sponding to  the  direct  current  arrangements  shown  in  Chapter  II. 
may  be  operated  by  alternating  currents.  The  principal  systems 
that  have  been  used  are  — 

1 .  Simple  series  circuit  with  constant  current  alternator. 

2.  Series  circuits  supplied  by  constant  current  transformers. 

3.  Parallel-series  circuits. 

Several  forms  of  constant  current  alternators  have  been  intro- 
duced, analogous  to  the  well-known  Brush  and  Thomson-Houston 
series  arc  dynamos,  the  principal  example  being  the  Stanley  ma- 
chine made  by  the  Westinghouse  Company.  No  regulating  device 
is  required  to  keep  the  current  constant ;  but  armature  reaction  and 
self-induction  are  purposely  exaggerated  in  the  design,  so  that  the 
current  does  not  increase  very  much,  even  when  the  machine  is 
short-circuited.  The  same  is  true  to  a  certain  extent  of  a  constant 
direct  current  dynamo,  but  self-induction  has  a  much  greater  effect 
with  alternating  currents.     On  the  other  hand,  the  voltage  of  a 
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constant  current  alternator  rises  very  high  if  the  circuit  is  opened, 
since  it  is  entirely  relieved  of  armature  reaction  and  inductance 
drop.  This  is  likely  to  break  down  insulation  unless  it  is  pre- 
vented by  providing  a  film  cut-out  similar  to  that  shown  on  page 
25,  or  some  other  device  connected  to  the  terminals  of  the  ma- 
chines, so  that  it  will  short-circuit  the  latter  if  the  voltage  becomes 
too  great.  Such  machines  have  no  advantage  over  constant  direct 
current  dynamos,  except  that  the  main  current  is  generated  with- 
out a  commutator;  but  they  require  some  source  of  direct  current 
for  field  excitation.  Furthermore,  there  are  many  examples  of 
the  direct  current  type  that  are  very  successful,  hence  they  are  gen- 
erally adopted  for  arc-lighting  on  a  simple  series  circuit,  the  direct 
current  lamp  being  preferred  when  other  considerations  are  equal. 
Constant  current  transformers  have  been  illustrated  in   Figs. 
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F\g.  146.    Constant  Cumnt  Trantformtr  System. 


135,  136,  and  137,  and  their  operation  described.  They  are  not 
used  on  a  true  series  system,  since  their  primaries  P  are  supplied 
in  parallel  at  constant  potential,  as  represented  in  Fig.  146,  the 
secondary  circuits  5  only  being  arranged  in  series  fashion,  and  car- 
r)dng  constant  currents  which  feed  the  lamps  L.  The  advantage 
of  this  method  is  the  fact  that  a  large  number  of  lights  can  be 
operated  from  the  same  source  of  current.  For  example,  each  of 
the  circuits  in  E,F,G,  Fig.  146,  may  have  as  many  lamps  as  an 
entire  dynamo  in  the  direct  current  series  system ;  so  that  one 
large  alternator  of  1000  k.w.  capacity  can  supply  about  2000 
lights ;  whereas  it  would  require  16  to  20  direct  current  machines, 
since  the  number  of  lamps  that  can  be  fed  by  a  single  dynamo  is 
usually  limited  to  100  or  125.  In  simplicity  and  in  economy  of 
operation  the  single  lar^e  alternator  would  have  considerable  ad- 
vantage.    The  transformers    T,  7",  7",  may  be  of  different  sizes,  if 
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desired,  being  used  to  supply  a  larger  or  smaller  number  of  lights^ 
Lamps  may  also  be  cut  out  of  circuit,  as  at  y  and  Ky  the  current 
being  kept  constant  by  the  transformer  in  each  case  ;  but  the  latter 
may  be  designed  or  adjusted  to  maintain  in  one  circuit  a  different 
value  from  that  in  the  others.  The  primary  circuits  P  are  fed  by 
the  mains  MNy  with  constant  voltage  from  the  alternator  A  ;  hence 
the  current  in  each  primary  is  nearly  proportional  to  the  watts 
in  the  secondary.  In  other  words,  it  increases  as  lamps  are  added 
in  series.  On  the  other  hand,  the  current  is  constant  in  each 
secondary  circuit,  and  the  voltage  automatically  rises  as  the  number 
of  lamps  is  increased.  Thus  we  have  the  interesting  case  of  a  con- 
stant potential  primary  and  a  constant  current  secondary  circuit. 
This  is  made  possible  by  the  fact  that  the  flux  through  the  secon- 
dary coils  varies  with  the  load,  whereas  it  is  practically  unchanged 
in  the  ordinary  transformer.  Hence  the  core  loss  is  not  a  constant 
in  the  former,  but  the  copper  loss  is  always  the  same  in  the  secon- 
dary coil,  and  increases  in  the  primary  circuit  as  the  square  of  the 
load.  The  last  fact  is  true  of  a  constant  potential  transformer,  but 
the  first  two  do  not  apply  to  it. 

Parallelrseries  systems  are  often  operated  by  alternating  cur- 
rents, being  analogous  to  the  direct  current  circuits  shown  on  page 
26.  Like  the  latter,  they  are  used  chiefly  for  street-lighting  with 
series  incandescent  lamps.  The  general  arrangement  is  similar  to 
that  represented  in  Fig.  9,  one  source  of  current  being  used  to 
feed  several  circuits  in  parallel.  Hence  all  are  supplied  with  the 
same  voltage,  introducing  difficulties  when  lamps  bum  out,  or 
when  it  is  desired  to  run  different  numbers  of  lamps  on  the  various 
circuits.  One  plan  consists  in  switching  in  extra  or  "relief" 
lamps  Z,  as  is  done  with  the  direct  current  system  described  on 
page  26.  But  the  alternating  current  has  an  advantage  over  the 
latter  in  this  respect,  as  it  may  be  regulated  by  reactive  coils,  or 
auto-transformers  (Fig.  145),  which  are  more  efficient  and  conve- 
nient than  resistance  coils  or  lamps.  Several  such  methods  have 
been  used,  in  one  of  which  variable  reactive  coils  are  placed  in 
series  with  each  circuit,  and  any  reduction  in  the  number  of 
lamps  is  compensated  by  increasing  the  reactance  drop  in  the  coil. 
In  another  arrangement  each  lamp  L  is  shunted  with  a  reactive 
coil  C,  as  illustrated  in  Fig.  147.  These  coils  consume  very  little 
real  power,  but  they  have  a  certain  potential  difference  across  their 
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terminals,  thus  feeding  the  lamps.  When  one  of  the  latter  bums 
out  the  continuity  of  the  circuit  is  maintained,  the  current  flowing 
through  the  coil,  which  also  consumes  about  the  same  voltage  as 
before.  But  as  this  last  condition  is  only  approximately  fulfilled,  it 
is  necessary  to  have  ad- 
ditional reactive  coils  R  L  L  L 
in  each  circuit  to  regu- 
late the  current. 

The  so-called  CR 
regulator,  made  by  the 
General  Electric  Com- 
pany, is  another  means 
of  operating  series  in- 
candescent lamps.  It 
consists  of  an  auto- 
transformer,  the  connections  of  which  are  shown  in  Fig.  148. 
The  primary  coil  AFB^  and  the  coils  BE  and  CD,  are  all  wound 
upon  the  same  iron  core.  When  a  plug  is  inserted  in  the  con- 
tacts at  Ry  and  the  switch  arms  H  and  G  are  in  the  position 
indicated,  the  voltage  of  the  supply  circuit  from  the  switchboaid 


Fig,  147,    Alt9niatlng  Current  Series  Syatem. 


Pig.  748.    Regulator  for  Alternating  Current  Series  Systems, 

is  decreased  by  the  opposing  E.M,F.  produced  in  the  portion  of 
the  coil  CD  included  between  the  arms  H  and  G,  If  the  po- 
sition of  the  latter  is  reversed,  then  the  primary  voltage  is  in- 
creased by  the  same  amount.     Thus  the  whole  or  part  of   the 
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coil  CD  may  be  made  to  raise  or  lower  the  primary  E.M.F.  by 
moving  the  arms  GH.  Transferring  the  plug  from  /?  to  5  in- 
creases the  primary  E.M.F,  by  the  voltage  produced  in  the  coil 
BE ;  and  on  changing  the  plug  to  P,  the  primary  E.M,F.  is  dimin- 
ished by  that  due  to  the  coil  FB,  This  secures  a  wide  range  of 
regulation  ;  for  example,  the  primary  AB  is  wound  for  2200  volts, 
FB  and  BE  being  each  wound  for  430,  while  CD  produces  230 
volts  in  steps  of  23.  With  a  plug  at  P,  the  secondary  gives  2200 
—  430  =  1770  volts,  with  the  arms  G  and  H  in  the  middle  ;  and 
by  moving  the  latter  the  voltage  may  be  varied  from  1540  to 
2000.  Changing  the  plug  connection  to  R,  the  regulation  is  from 
1970  to  2430,  and  putting  it  in  S,  the  range  is  from  2400  to  2860 
volts,  the  total  variation  being  1540  to  2860.  These  regulators 
are  also  wound  for  1100  volts,  giving  a  range  in  secondary  voltage 
from  440  to  1760.  The  secondary  current  is  either  3.6  or  5.5 
amperes,  lamps  designed  for  this  current  being  connected  in  series, 
but  only  the  two  ends  of  the  circuit  are  shown  in  Fig.  148.  Sev- 
eral circuits,  each  with  its  own  regulator,  are  connected  to  the  same 
source  of  alternating  current  in  a  manner  similar  to  that  repre- 
sented in  Fig.  146.  Each  'circuit  is  provided  with  an  ammeter,  and 
the  attendant  regulates  the  current  by  moving  the  switch  arms 
(^Hf  when  it  is  too  high  or  too  low.  The  lamps  take  about  i  volt 
per  candle-power  at  3.5  amperes,  and  are  arranged  with  automatic 
cut-outs,  which  short-circuit  them  if  they  break,  as  explained  on 
page  25. 

Alternating  Current  Parallel  Systems.  The  simple  arrange- 
ment of  lamps  in  parallel  on  a  two-wire  circuit  may  be  supplied  by 
an  alternator  without  transformers,  being  analogous  to  the  ordi- 
nary direct  current  system  represented  on  page  28.  This  method, 
however,  is  rarely  used  for  electric  lighting  alone,  since  the  direct 
current  has  generally  been  adopted  in  such  cases,  including  the 
majority  of  isolated  or  other  plants  in  which  the  distances  are  not 
great.  For  the  operation  of  motors,  polyphase  parallel  systems 
are  often  used  with  or  without  transformation  of  voltage;  and  lamps 
are  supplied  from  the  same  circuits  or  generators,  but  they  are  not 
intended  primarily  for  electric  lighting.  The  single-phase  current 
is  not  well  adapted  to  the  running  of  motors  for  general  purposes, 
this  being  the  principal  objection  to  it.  It  is  only  when  the  vol- 
tage is  to  be  transformed  up  or  down  that  the  single-phase  has  any 
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special  advantage  over  the  direct  current  system,  hence  it  is  seldom 
used  without  transformers.  But  there  is  nothing  to  prevent  the 
installation  of  two-  or  three-wire  systems  similar  to  those  illustrated 
on  pages  28  and  70,  the  direct  current  dynamos  being  replaced  by 
alternators  of  equivalent  voltage  and  current  capacity.  In  fact, 
such  plants  have  been  installed  in  a  few  instances. 

SingU'phase  parallel  systems  with  transformers.  This  is  the 
most  common  method  of  distribution  with  alternating  currents. 
One  alternator  A  (Fig.  149),  or  two  or  more  alternators  A  and  B 
working  in  parallel,  supply  current  to  the  bus-bars  UV,  from  which 
the  lines  J/iVand  RS  convey  current  to  the  primary  circuits  P  of 
the  various  transformers  T,  The  lamps  L  are  connected  in  paral- 
lel to  the  secondary  circuits  5  of  the  transformers.  The  latter 
operate  at  approximately  constant  potential  in  both  primary  and 
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fig.  749.    Conttant  Potential  Transformer  System. 

secondary  circuits,  being  of  the  ordinary  type  that  has  been  fully 
discussed  in  the  preceding  chapter.  In  most  cases  the  alternators 
generate  about  1100  or  2200  volts,  which  is  carried  with  a  loss  of 
about  10  per  cent  by  the  conductors  MJV,  so  that  the  primary  coils 
of  the  transformers  T  receive  about  1,000  or  2,000  volts,  which  is 
transformed  down  to  about  100  volts  for  supplying  the  lamps  L  on 
the  secondary  circuits.  Formerly  a  secondary  voltage  of  52  was 
generally  employed,  but  at  present  104  volts  has  become  the  stand- 
ard in  alternating  current  practice.  This  change  reduces  the 
weight  of  copper  in  the  secondary  wiring  to  one-quarter  with  the 
same  percentage  of  drop.  There  is  a  tendency  to  economize  still 
further  in  the  secondary  conductors  by  adopting  lamps  of  220  or 
208  volts,  or  by  using  the  three-wire  system  as  described  in  the 
following  paragraph. 

Three-wire  Alternating  Current  Systems.     As  already  stated, 
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two-  or  three-wire  parallel  circuits  may  be  supplied  by  single-phase 
generators  without  transformers,  but  they  are  seldom  used.  The 
two-  and  three-phase  systems  may  also  be  operated  with  three 
wires,  and  will  be  described  later.  The  system  here  referred  to 
corresponds  to  the  ordinary  direct  current  three-wire  circuits  set 
forth  on  page  70,  except  that  it  is  supplied  from  the  secondary 
coils  of  transformers.  When  the  alternating  current  was  first  in- 
troduced for  electric  lighting  the  secondary  circuits  and  lamps  were 
generally  operated  at  52  volts,  a  transformer  being  placed  in  or 
near  each  house  to  be  lighted.  But  it  was  found  that  the  lower 
efficiency  and  greater  core-loss  of  a  number  of  small  transformers 
gave  results  far  less  economical  than  those  obtained  by  the  use  of 
fewer  transformers  of  larger  size.  This  naturally  requires  that  the 
average  lengths  of  the  secondary  circuits  should  be  increased ;  and 
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Flga  150  and  151.    Three-wire  Slngie-phcMe  Systems. 

in  order  to  avoid  excessive  cost  in  the  latter,  104-volt  lamps  have 
become  the  standard  in  alternating  current  installations.  The  next 
step  in  this  direction  is  the  adoption  of  the  three-wire  system  for 
the  secondary  circuits.  This  is  easily  arranged  either  by  employ- 
ing two  transformers  as  represented  in  Fig.  150,  or  by  using  a 
transformer  with  two  equal  secondary  coils  as  in  Fig.  151.  In 
both  cases  the  primary  is  an  ordinary  two-wire  circuit,  all  the 
primary  coils  being  connected  in  parallel ;  but  each  pair  of  second- 
ary coils  are  put  in  series,  the  neutral  wire  F  being  led  from  the 
intermediate  point  B.  The  7inlike  terminals  must  be  connected  at 
B  in  order  to  give  double  voltage  between  the  outside  wires  A  and 
C.  If  the  like  terminals  are  united  at  B  the  two  sides  will  be  in 
parallel,  and  the  middle  wire  /^must  carry  the  sum  of,  instead  of 
the  difference  between,  the  currents  on  the  outer  conductors,  as 
explained  on  page  82. 
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A  two-  or  three-wire  network  of  conductors,  similar  to  the  direct 
current  systems  described  in  Chapter  VI.,  is  often  adopted  for  alter- 
nating current  distribution.  A  transformer  7*,  or  a  bank  of  trans- 
formers, is  placed  at  each  feeding-point,  the  primary  coils  being 
supplied  from  the  station  generators  ^  ^  by  the  high-voltage  con- 
ductors E  F  G  Hy  and  the  secondary  coils  being  connected  to  the 
low-tension  mains  composing  the  network  NM,  These  transform- 
ers are  located  in  sub-stations  or  in  manholes  in  the  street.  The 
lamps  LL  are  fed  from  the  network  as  indicated  in  Fig.  152.  In 
this  case  a  two-wire  network  is  shown  ;  but  a  three-wire  system 
similar  to  that  represented  in  Fig.  74  is  also  used  in  many  places, 
the  transformers  being  connected  in  the  manner  shown  in  Figs.  150 
and  151. 

Regulation  of  Constant-Potential  Alternating  Current  Systems. 
Nearly  all  of  the  methods  of  regulating  the  voltage  of  direct  cur- 
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Fig.  162.    Network  supplied  by  Transformers. 

rent  systems  described  on  pages  61  to  69  are  applicable  to  alter- 
nating current  circuits.  For  example,  the  potential  of  an  alter- 
nator may  be  controlled  by  varying  its  field  current,  using  the 
ordinary  rheostat  operated  by  hand.  In  this  way  the  voltage  of  the 
generator  may  be  kept  constant  or  may  be  increased .  a  certain 
amount  with  rising  load  to  make  up  for  the  drop  in  lines  and  trans- 
formers. This  drop  is  greater  for  alternating  than  for  direct  cur- 
rents on  account  of  reactance,  and  the  falling  off  in  potential  of 
alternators  is  also  larger  at  full  load  than  with  dynamos. 

Composite  Woimd  Alternators,  To  make  an  alternator  automa- 
tically maintain  a  constant,  or  a  rising  voltage  with  increase  of  load, 
it  is  provided  with  composite  winding  analogous  to  the  compound 
winding  of  direct  current  machines. 

In  order  that  a  generator  may  be  self-regulating,  the  current 
which  it  produces  is  caused  to  act  upon  the  field-magnets  in  order 
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to  increase  their  strength  in  proportion  to  the  current  generated. 
Since  an  alternating  current  cannot  be  used  directly  for  exciting 
the  field-magnets  it  is  necessary  to  rectify  it  for  the  purpose.  One 
method  is  indicated  in  Fig.  153,  the  coils  CC  being  the  ordinary  field 
winding  supplied  by  the  separate  exciter  Ey  and  producing  most  of 
the  magnetization.  The  composite  coils  DD  are  also  wound  upon 
the  field-cores,  and  are  fed  through  the  rectifying  commutator 
i?,  which  is  mounted  upon  the  same  shaft  as  the  armature  AAy 
but  to  avoid  confusion  is  represented  on  one  side  in  the  dia- 
gram. The  commutator  R  has  as  many  segments  as  there  are 
poles,  alternate  segments  being  connected  to  one  terminal  T 
of  the  armature  winding,  and  the  intermediate  segments  being 
connected   to   one  of   the   lines   M  by  the  wire    W^  and  brush 


Fig.  153.    Compoaite'wound  Alternator. 

on  the  collecting-ring  at  F.  The  other  terminal  5  of  the  arma- 
ture winding  is  connected  to  the  second  collecting-ring  G.  The 
collecting-rings  FG  are  also  mounted  upon  the  shaft  in  the  usual 
manner.  With  this  arrangement,  the  connections  of  the  composite 
coils  D  are  reversed  at  the  brushes  /  and  K  each  time  that  the 
armature  current  reverses,  so  that  a  unidirectional  flow  is  estab- 
lished through  these  coils.  This  tends  to  augment  the  magnetiza- 
tion of  the  field  as  the  load  increases,  the  effect  being  the  same  as 
that  of  compound  winding.  It  is  necessary  that  the  brushes y  and 
K  should  be  set  carefully,  so  that  each  passes  from  one  segment 
to  the  next  at  the  same  instant  that  the  current  reverses.  In  this 
way  sparking  is  avoided  since  the  current  is  zero  at  that  moment. 
A  shunt  shown  inside  of  the  commutator  R  in  the  diagram,  and 
moving  with  it,  is   sometimes  used  when  it  is  desired  to  rectify 
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only  a  portion  of  the  current.  A  stationary  shunt  Q  is  generally 
employed  to  regulate  the  current  in  the  coils  DD^  thus  giving  a 
means  of   adjusting  the  amount  of  compounding. 

In  most  cases  the  current  produced  by  an  alternator  is  of  high 
potential,  so  that  it  is  not  desirable  to  introduce  a  commutator  in  the 
main  circuit  or  to  pass  this  current  through  the  field-coils.  To  avoid 
these  objections,  the  main  current  is  carried  through  the  primary 
coil  of  a  small  transformer,  the  secondary  of  which  is  connected  to 
the  segments  of  the  commutator  Ry  and  is  wound  to  give  a  low  vol- 
tage. The  latter  is  therefor^  directly  proportional  to  the  main  cur- 
rent, and  produces  through  the  brushes  J  and  K  a  magnetizing 
current  in  the  composite  coils  DD  that  increases  with  the  load. 
This  transformer  is  usually  placed  inside  of  the  armature.  Instead 
of  putting  a  composite  coil  D  on  each  field  core,  as  represented  in 
Fig.  153,  they  are  sometimes  concentrated  upon  one  or  two  of  the 
field  cores.  If  the  two  halves  of  the  armature  winding  are  in 
parallel,  composite  coils  must  be  put  on  at  least  two  poles ;  and 
these  must  have  symmetrical  positions,  otherwise  the  E.M.F.  in 
the  two  armature  circuits  will  be  unbalanced. 

The  above-described  forms  of  composite-wound  alternators  do 
not  regulate  properly  for  inductive  as  well  as  non-inductive  loads, 
but  the  General  Electric  Company  build  competisatcd  field  alter- 
nators designed  to  adjust  automatically  the  voltage  for  all  varia- 
tions in  load  or  lag.  This  machine  is  described  in  the  American 
Electrician,  Nov.,  1899,  and  Elec.  Review  (N.Y.),  May  23,  1900. 

The  automatic  constant-potential  regulator  described  on  page 
67  is  used  for  alternating  as  well  as  direct  current  systems.  The 
arrangement  employed  for  the  former  is  fully  illustrated  and  de- 
scribed in  the  American  Electrician  of  October,  1899,  p.  488.  An- 
other arrangement  of  this  kind,  made  by  Ganz  &  Company  of  Buda- 
Pesth,  is  described  in  the  work  on  Alternating  Currents  by  D.  C. 
and  J.  P.  Jackson,  page  313.  It  consists  essentially  of  a  solenoid 
connected  as  a  high-resistance  shunt  to  the  main  circuit,  and  con- 
trolling a  number  of  contact  points  dipping  in  mercury,  thus  vary- 
ing the  resistance  in  the  field  circuit. 

Feeder  Regulation.  The  various  methods  of  regulating  direct 
current  feeders  described  on  pages  61  to  69  are  applicable  with 
slight  modification  to  alternating  current  distribution.  It  is  evi- 
dent, for  example,  that  the  introduction  of  non-inductive  resistance 
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in  any  circuit  will  produce  a  drop  in  voltage  equal  to  the  product 
of  the  current  and  resistance.  Hence,  the  regulation  of  feeders 
by  means  of  rheostats,  as  described  on  page  64,  is  practically  the 
same  for  alternating  as  for  direct  currents.  In  addition  to  this 
the  effect  of  self-induction  may  be  utilized  to  produce  a  drop  in  vol- 
tage if  desired.  On  page  125  it  was  shown  that  the  drop  due  to  in- 
ductance alone  is  2  irfLI  and  that  due  to  resistance  and  inductance 
combined  is  I'^R^  -h  {^irfLf,  In  practice  self-induction  coils  are 
often  employed  to  control  alternating  currents,  and  they  possess 
the  advantages  over  resistance  coils  that  they  are  more  compact, 
and  consume  much  less  actual  energy  for  the  same  drop,  but  they 
cause  the  current  to  lag.  Various  names  are  applied  to  them, 
such  as  reactance  coils,  impedance  coils,  and  choke  coils.  By  sub- 
dividing them,  and  leading  out  connections  to  contact  points,  the 
effect  may  be  varied  as  in  the  case  of  an  ordinary  rheostat. 

Feeder  Regulation  by  Variable  Ratio  Transformers  is  a  very  con- 
venient method  in  alternating  current  distribution.  They  take  the 
place  of  the  "  boosters  "  (page  67)  used  in  direct  current  systems. 
It  would  be  possible  to  vary  the  potential  of  a  feeder  by  means  of 
an  auxiliary  alternating  current  machine  put  in  series  with  it,  and 
acting  either  as  a  generator  or  motor  to  raise  or  lower  the  voltage. 
But  a  transformer  being  simpler,  cheaper,  and  more  easily  taken 
care  of,  is  generally  used  to  accomplish  the  same  results.  There 
are  several  such  devices  in  common  use,  a  prominent  example 
being  the  Stillwell  Regulator,  made  by  the  Westinghouse  Company, 
and  represented  in  Fig.  154.  It  consists  of  a  primary  coil,  which 
is  connected  in  shunt,  and  a  secondary  coil  in  series  with  the  main 
circuit.  By  means  of  a  movable  switch  arm,  more  or  less  of  the 
secondary  winding  may  be  introduced  into  the  circuit,  thus  "  boost- 
ing "  by  a  corresponding  amount  the  voltage  of  the  generator.  A 
switch  is  provided  to  reverse  the  connections  of  the  primary  coil, 
so  that  the  secondary  potential  may  be  added  to  or  subtracted  from 
that  of  the  alternator,  thus  doubling  the  range  of  regulation. 
Assuming  that  the  secondary  coil  is  wound  for  100  amperes  and 
100  volts,  and  that  the  alternator  generates  2100  volts,  the  circuit 
will  be  supplied  at  2200  volts,  when  all  of  the  secondary  winding 
is  inserted  so  as  to  raise  the  pressure  the  full  amount.  By  moving 
the  switch  arm  to  the  left,  part  of  the  secondary  is  cut  out,  and  the 
voltage  is  reduced  until  it  becomes  2100,  when  the  arm  is  al  zero. 
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On  reversing  the  primary  coil  by  the  lower  switch,  and  then  mov- 
ing the  arm  of  the  upper  switch  to  the  right,  the  opposing  E,M,F. 
set  up  in  the  secondary  winding  reduces  the  pressure  of  the  feeder, 
until  finally  it  becomes  2000  volts.  In  this  way  any  value  between 
2000  and  2200  volts  may  be  obtained.  When  the  secondary  is 
adding  100  volts  to  the  generator's  potential,  it  is  producing  10,000 


Fig.  164.    internal  Connections  of  Stitlwell  Regulator. 

watts  with  a  current  of  100  amperes.  Under  those  circumstances 
it  will  draw  2100  volts,  and  about  5  amperes,  or  about  10,500 
watts,  from  the  alternator  ;  the  difference  being  the  various  losses 
in  the  transformer,  which  would  have  an  efficiency  of  about  95  per 
cent.  If  the  primary  is  reversed  in  order  to  reduce  the  voltage, 
about  95  per  cent  of  the  energy  is  returned  to  the  circuit.  Hence 
the  actual  loss  is  small  in  any  case,  being  only  about  ^J5y^ij5  =  iih(5t 


Digitized  by  VjOOQIC 


198  ELECTRIC  LIGHTING. 

or  ^  ^  at  maximum  or  minimum  voltage,  and  less  than  that  at  inter- 
mediate values.  Regulators  are  required  when  two  or  more  feed- 
ers are  to  be  operated  at  different  potentials.     If  there  is  only  one 

circuit)  or  if  all  the  feeders 
are  supplied  with  the  same 
voltage,  the  regulation  may- 
be accomplished  by  varying 
the  field  of  the  alternators 
by  means  of  rheostats.  But 
when  one  feeder  demands  a 
different  pressure  from  the 
others,  then  each  should  be 
provided  with   its  own  regu- 

Fig.  155.    Principle  of  Feeder  Regulator.  ,,        •  •      i 

lator,    allowing    mdependent 
control  according  to  the  load,  distance,  and  other  conditions. 

Another  type  of  feeder  regulator  made  by  the  General  Electric 
Company  is  represented  in  Fig.  156.  The  principle  of  its  action 
is  shown  diagrammatically  in  Fig.  155,  PQ  being  the  primary  coil 
of  many  turns  of  fine 

wire  connected  across  

the  main  conductors 
A  By  coming  from  the 
alternator,  and  57" 
being  the  secondary 
coil  of  a  few  turns  of 
heavy  wire  connected 
in  series  with  one  of 
the  main  conductors 
at  /K.  A  laminated 
iron  core  £F  is 
mounted  within  the 
primary  and  second- 
ary coils,  and  is  capa- 
ble   of    being    turned  Fig.  ISe.    Feeder  Regulator  with  Cover  Removed. 

into  the  position  GH, 

indicated  by  dotted  lines.  When  the  core  is  vertical,  the  mag- 
netic lines  produced  in  it  by  the  primary  coil  PQ,  set  up  a  cer- 
tain E  M.F.  in  the  secondary  coil  57",  and  we  assume  that  this 
aids  the  E.M.F.  of  the  generator.     If,  now,  the  core  be  turned 
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to  the  position  GH,  then  the  direction  of  the  lines  of  force  are 
reversed  with  respect  to  the  secondary  coil,  so  that  an  oppos- 
ing E.M.F,  will  be  produced.  Thus,  by  turning  the  core,  the 
potential  difference  between  the  line  wires  C  and  D  may  be  raised 
above  or  reduced  below  that  of  the  generator  conductors  A  and  B, 
This  device  has  the  advantage  of  being  free  from  sliding  contacts, 
the  regulation  being  obtained  by  shifting  or  reversing  the  flux,  and 
the  variation  is  perfectly  gradual  —  not  in  abrupt  steps.  The 
actual  construction  is  illustrated  in  Fig.  156,  both  coils  with  their 
terminals  being  clearly  seen.  A  ring  of  laminated  iron  (not  shown 
in  either  cut)  surrounds  the  coils  and  core,  in  order  to  improve  the 
,  magnetic  circuit ;  and  all  the  parts  are  inclosed  in  a  cast-iron  case, 
which  may  be  filled  with  oil  for  cooling  and  insulating  purposes. 
The  core  is  turned  by  means  of  the  hand  wheel  shown  in  Fig.  156. 
These  regulators  may  be 
used  also  for  dimming 
lights  in  a  theater,  as  con- 
trollers for  series  lighting 
instead  of  the  arrangement 
shown  in  Fig.   148,  or  to 

adjust    the    voltage    on    the  fig,  U7.    t».r.Hon  Comp.ns7or  for  Voltmeter. 

branches  of  an  unbalanced 

polyphase,  or  three- wire  single-phase  system. 

Compensators  for  Voltmeters.  In  order  to  determine  the  volt- 
age at  the  outer  end  of  a  feeder,  it  is  necessary  to  run  special 
"pressure  wires"  from  the  station  to  the  given  point,  or  to  use  a 
compensated  voltmeter,  as  explained  on  page  64.  With  alternating 
currents,  the  latter  method  is  much  more  difficult  to  apply  than 
with  direct  currents,  because  the  compensator  must  allow  for  both 
ohmic  and  inductive  drops,  and  must  be  correct,  whether  the  cur- 
rent lags  or  leads  with  respect  to  the  E.M.F,  These  conditions 
are  fulfilled  by  the  Mershon  compensator^  made  by  the  Westing- 
house  Company,  and  represented  in  Fig.  157.  The  generator  G 
supplies  the  lamps  L,  through  the  feeders  MN.  The  ordinary 
potential  transformer  C  is  used  to  reduce  the  pressure  for  the  volt- 
meter VM\  and  an  inductance  A,  as  well  as  an  ohmic  resistance  B, 
are  inserted  in  series  with  one  main  conductor.  The  drop  due  to 
A  and  B  is  introduced  into  the  voltmeter  circuit  by  two  small  trans- 
formers E  and  Dy  the  iron  core  upon  which  the  inductance  A  is 
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wound  being  used  as  the  core  of  the  transformer  Ey  of  which  the 
coil  A  is  the  primary.  With  this  arrangement  C  gives  to  the  volt- 
meter a  pressure  proportional  to  that  of  the  generator  ;  while  E 
introduces  into  the  voltmeter  circuit  an  opposing  E.M,F.  propor- 
tional to  and  in  step  with  the  inductive  drop  on  the  line,  and  D 
produces  another  opposing  EM,F,  proportional  to  the  ohmic  drop 
on  the  line.  The  result  is  that  the  voltmeter  indicates  the  voltage 
at  the  distant  end  of  the  line  or  feeder.  The  plan  here  shown  is 
commonly  employed,  but  various  modifications  are  possible. 

Polyphase  Systems.  The  principles  of  two-  and  three-phase 
circuits  have  been  shown  in  Figs.  110  to  121,  and  will  enable  us 
now  to  consider  their  application  in  systems  of  distribution.  As 
already  stated,  a  two-phase  circuit  is  practically  equivalent  to  two 
single-phase  circuits,  and  each  may  be  considered  separately.  In 
fact,  in  most  cases  they  are  used  separately  for  electric  lighting,  as 
represented  in  Fig.  Ill ;  and  even  when  the  two  circuits  have  a 
common  return  conductor  in  order  to  save  one  of  the  four  wires 
(Fig.  112),  the  conditions  are  practically  the  same  as  for  single- 
phase  distribution,  except  that  the  common  conductor  C  carries  a 
current  1.41  times  greater  than  that  in  B  or  E,  as  explained  in 
connection  with  Fig.  113. 

For  isolated  plants  or  central  stations  supplying  polyphase 
current  at  moderate  distances  transformers  are  not  required ;  and 
the  lamps,  motors,  6tc.,  may  be  connected  directly  to  the  circuits, 
as  indicated  in  Figs.  Ill,  112,  115,  and  117.  In  such  cases  the 
pressure  maybe  about  110  or  220  volts,  which  is  suitable  for  incan- 
descent lighting  and  for  constant  potential  arc  lighting,  the  lamps 
being  .connected  singly  or  two  in  series.  Either  the  two-  or  three- 
phase  systems  are  often  adopted  where  the  operation  of  motors  is 
an  important  part  of  the  service.  For  example,  in  many  cotton  mills 
the  looms  and  other  machinery  are  run  by  polyphase  induction 
motors,  and  it  is  convenient  to  feed  the  lamps  from  the  same  gen- 
erators. It  is  generally  preterable,  however,  to  employ  separate 
circuits  for  lighting  and  power  in  order  to  avoid  the  objectionable 
effect  of  the  latter  upon  the  former  due  to  the  sudden  and  large 
increase  in  current  occurring  when  motors  are  started.  This  diffi- 
culty is  almost  always  met  with  if  motors  and  incandescent  lamps 
are  supplied  by  the  same  circuits ;  but  it  is  usually  more  serious 
with  alternating  than  with  direct  currents,  because  most  types  of 
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alternating  current  motors  require  a  heavy  current,  usually  lag- 
ging considerably,  when  starting.  This  not  only  causes  a  large 
drop  on  the  line,  but  also  reacts  injuriously  upon  the  regulation 
of  transformers  and  generators,  their  voltage  falling  much  more 
than  with  an  equal  non-inductive  load. 

When  the  distances  become  considerable,  that  is,  more  than 
two  or  three  miles,  it  is  customary  to  employ  pressures  of  about 
1000  or  2000  volts  or  higher,  to  economize  in  the  conductors,  and 
for  long  distance  trans- 

E 


Fig,  158.    Two-phttf  Circuit  with  Transformera. 


mission  of  50  miles  or 
more  30,000  to  40,000 
volts  are  employed.  In 
any  of  these  cases,  trans- 
formers are  required  to 
reduce  the  high  voltage 
for  transmission  to  low 
voltage  for  actual  use  in  the  lamps.  Special  polyphase  transform- 
ers may  be  employed ;  but  in  most  cases,  especially  in  America, 
ordinary  types  the  same  as  those  designed  for  single-phase  systems 
are  adopted  for  polyphase  work. 

For  two-pltase  circuits  the  connections  are  very  simple,  as 
shown  in  Fig.  158,  being  precisely  similar  to  the  single-phase 
arrangement.  The  primary  of  each  transformer  T  is  connected  to 
the  main  conductors  EF  of  one  phase  or  to  GH  of  the  other  phase^ 

the  lamps  L  being  fed  by 
the  secondary  circuits  S. 
The  generator  A  is  an 
ordinary  two-phase  alter- 
nator. Any  number  of 
transformers  may  be  sup- 
plied from  either  or  both 
circuits  EF  and  GH  up  to  their  full  capacity,  there  being  no  neces- 
sity for  preserving  a  balance  between  them.  If  a  two-phase  motor 
is  to  be  operated,  it  is  connected  to  the  secondaries  of  two  trans- 
formers, one  of  which  has  its  primary  supplied  from  the  circuit  of 
one  phase,  and  the  other  having  its  primary  supplied  by  the  circuit 
of  the  other  phase,  thus  producing  a  two-phase  current  in  the 
motor.  If  a  single  return  conductor  is  used  for  both  circuits,  the 
transformers  are  connected  as  represented  in  Fig.  159,  the  wire  F 


TttfO'pfiasa  Circuit  with  TranafCrmcra. 
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Fig.  160.    ThreS'phase  Y  Circuit  with  Transformers. 


being  common  to  both  circuits.  The  secondary  circuits  of  trans- 
formers on  polyphase  systems  may  be  arranged  for  three-wire  dis- 
tribution in  the  same  manner  as  the  single-phase  circuits  in  Figs. 
150  and  151.  All  that  is  necessary  is  to  use  two  transformers  in 
series  or  to  subdivide  the  secondary  of  each  transformer.  It  is 
evident  also  that  two-wire  or  three-wire  networks  similar  to  that 
illustrated  in  Fig.  152  may  be  supplied  with  polyphase  currents. 
On  three-phase  circuits  transformers  may  be  connected  either 

in  Y  or  in  A  fashion  as  indi- 
cated in  Figs.  160  and  161 
respectively.  In  the  former 
case,  three  transformers  have 
one  terminal  of  their  primary 
circuits  brought  to  a  common 
or  neutral  point  Py  or  a  fourth 
conductor  may  be  provided,  as  in  Fig.  115,  in  order  to  connect 
these  neutral  points  together.  With  the  A  arrangement  (Fig. 
161)  the  primary  of  each  transformer  is  connected  between  two  of 
the  three  main  wires,  and  the  loads  on  the  three  branches  must  be 
closely  balanced,  otherwise  their  voltages  will  not  be  equal.  The 
same  is  true  of  the  three-wire  Y  circuit ;  but  the  addition  of  a  fourth 
or  neutral  conductor  renders  it  unnecessary  to  maintain  a  balance 
provided  the  armature  of  the 
generator  has  a  Y  winding, 
the  neutral  point  of  which 
is  connected  by  means  of 
this  fourth  wire  to  one  pri- 
mary terminal  of  every  trans- 
former.    This  last  arrange- 


Three-phaae  A  Circuit  with  Tranaformers. 


ment  is  the  best  one  for  supplying  lamps  by  three-phase  currents, 
but  is  not  needed  for  motors,  since  the  latter  are  connected  to  all 
three  conductors,  and  draw  current  from  them  equally. 

In  the  three-phase  systems  already  shown  (Figs.  160  and  161) 
the  secondary  circuits  are  used  separately,  but  if  desired  they  may 
be  connected  according  to  the  Y  or  the  A  plan.  By  varying  their 
arrangement,  a  considerable  range  of  voltage  may  be  secured  with- 
out any  change  in  the  transformers.  For  example,  assume  that  the 
pressure  between  any  two  of  the  main  wires  of  a  three-phase  sys- 
tem is  1000  volts  as  represented  in  Fig.  162.       Using  three  ordi- 
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nary  single-phase  transformers,  the  primary  of  each  is  connected 
across  two  of  the  outside  wires  in  A  fashion  ;  AB  being  one  primary, 
^C  another,  and  5Cthe  third.  If  the  ratio  of '  transformation  is 
10:1,  the  voltage  in  each  secondary  coil  will  be  100  volts ;  and  if 
these  are  also  connected  in  A,  then  the  voltage  between  any  two 
secondary  conductors,  such  as  a  and  r,  will  be  100  volts.  Keeping 
the  primary  circuits  as  before,  but  changing  the  arrangement  of  the 
secondary  coils  from  A  to  Y,  the  voltage  between  the  secondary  lines 
becomes  173  volts  in  Fig.  163 ;  since  each  coil,  such  as  Hgy  gener- 
ates 100  volts  as  before,  but  there  are  now  two  in  series,  so  that 
the  resultant  pressure  is  V3  X  100  =  173  volts,  as  shown  in  Fig. 
118.     By  changing  the  primary  coils  to  Y  connection,  the  pressure 


FiQH.  162f  163,  104,  and  165.    Connection  of  Transformers  on  Three-phase  Circuits 

for  each  coil  ML  m  Fig.  164  is  1000  -s-  V3  =  580  volts,  con^^e- 
quently  the  voltage  between  the  secondary  lines  is  only  58  volts. 
When  both  primary  and  secondary-  coils  are  Y  connected  (in  Fig. 
165)  the  ratio  of  transformation  is  10 : 1,  as  in  Fig.  162,  and  the 
pressure  between  secondary  lines  is  100  volts.  In  this  way  sec- 
ondary voltages  in  the  ratio  of  100  :  173  :  58  may  be  obtained  from 
the  same  supply  conductors  without  changing  the  transformers 
except  in  their  external  connections. 

The  manner  of  arranging  lamps  upon  a  three-phase  circuit  is 
illustrated  in  Fig.  166,  in  which  AD,  BD,  and  CD  represent  re- 
spectively the  coils  of  a  three-phase  generator  or  of  three  trans- 
formers with  Y  connection.  Each  group  of  lamps,  such  as  QRy  is 
connected  between  one  main  conductor  CG,  and  the  neutral  point 
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H.  If  the  three  circuits  feed  equal  numbers  of  lamps,  as  indicated 
at  Ry  Sy  and  Z,  it  would  not  be  necessary  to  have  the  neutral  wire 
DH\  but  if  they  are  not  balanced,  as  at  F,  F,  and  iV,  which  is  more 
likely  in  practice,  the  neutral  wire  is  required  in  order  to  maintain 
equal  voltages  on  the  three  branches.  In  that  case  the  neutral 
carries  the  difference  between  the  currents,  so  that  lamps  may 
be  turned  on  or  off  without  materially  affecting  the  others,  pro- 
vided the  conductors  are  of  sufficient  size  to  avoid  any  of  excessive 
drop. 

The  regulation  of  polyphase  systems  may  be  effected  by  placing 
in  series  with  each  feeder  an  ordinary  single-phase  regulator  simi- 
lar to  those  illustrated  in  Figs.  164-166.  For  two-phase  circuits  a 
regulator  should  be  put  in  each  phase,  as,  for  example,  in  EF  and 
in  GHm  Fig.  168.     A  three-phase  system  should  have  a  regulator 


G  L 

Fig.   lee.    Lamps  on  Three-phase  Circuit. 

in  each  of  the  three  phases  A,  B,  and  C  in  Fig.  160.  The  use  of 
independent  regulators  would  enable  the  voltage  to  be  adjusted 
separately  in  case  the  system  is  unbalanced,  by  reason  of  having 
differences  in  load  on  the  three  phases.  With  perfectly  balanced 
loads,  such  as  are  produced  by  motors  or  by  equal  distribution  of 
lamps,  the  three  regulators  should  be  adjusted  alike,  which  may  be 
accomplished  by  connecting  them  together  mechanically. 

A  simpler  plan  for  polyphase  circuits  is  to  employ  the  so-called 
induction  potential  regulator  shown  in  Fig.  167,  which  controls  the 
phases  at  the  same  time.  It  comprises  a  primary  and  a  secondary 
winding,  the  former  connected  in  shunt  and  the  latter  in  series 
with  the  circuit.  The  E.M.F.  generated  in  each  phase  of  the  sec- 
ondary winding  is  constant ;  but  by  varying  the  relative  positions 
of  the  two  windings,  this  voltage  may  be  added  or  opposed  to  the 
pressure  of  the  circuit  at  any  phase  angle,  so  that  the  range  of 
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regulation  is  from  maximum  **  boosting  "  to  maximum  lowering. 
The  principle  is  somewhat  similar  to  that  of  the  single-phase  regu- 
lator in  Fig.  155.  The  movable  core  may  be  rotated  by  means  of 
a  hand  wheel,  or  when  it  is  desired  to  operate  it  from  a  distance 
the  apparatus  is  fitted,  in  addition  to  the  usual  hand  wheel,  with 
a  small  motor  arranged  to  turn  the  core  by  means  of  gearing,  as 
shown  in  Fig.  167.  This  motor  may  be  of  the  direct  current  or 
induction  type,  and  is  controlled  by  a  reversing  switch  mounted 
on  the  switchboard  or  at  any  convenient  point. 


flq.  167.    Induction  Potential  Regulator, 

Induction  Booster.  —  Another  means  of  regulating  the  voltage 
in  polyphase  systems  consists  in  connecting  in  series  with  the 
feeder  to  be  regulated  or  compounded,  the  field  magnet  coils  (/>., 
primary)  of  a  small  induction  generator.  For  this  purpose  a  ma- 
chine similar  to  an  ordinary  two-  or  three-phase  induction  motor 
may  be  employed,  but  it  must  be  driven  by  an  engine  or  motor  at 
a  speed  somewhat  above  that  of  synchronism.  If  no  current  is 
passing  on  the  feeder,  there  will  be  no  current  induced  in  the 
armature  of  the  machine,  and  no  action  whatever.     But,  as  soon 
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as  the  current  begins  to  flow  in  the  feeder,  it  will  induce  current 
in  the  armature  of  the  induction  generator,  which  will  react 
automatically  on  the  field  currents  to  add  to  their  voltage.  At 
any  given  speed  above  synchronism  the  boosting  action  depends  in 
amount  on  the  strength  of  the  current  in  the  feeder,  while  the 
action  may  be  regulated  by  varying  the  speed  at  which  the 
machine  is  driven.  This  evidently  allows  the  main  generator  to 
be  compounded  or  over-compounded  without  the  use  of  sHding 
contacts,  commutators  or  other  objectionable  apparatus,  and  also 
allows  each  feeder  to  be  compounded  separately,  if  desired,  and  all 
the  feeders  to  be  supplied  from  a  single  source  of  current. 
K- — 2oeo — - A 


Fig,  768.    MonoegcUc  Generator  Connections. 

The  Monocyclic  System.  —  The  single-phase  system  is  the  sim- 
plest and  best  alternating  current  method  when  arc  or  incandescent 
lights  are  to  be  supplied,  but  no  large  number  of  motors,  except 
perhaps,  small  fan  motors,  are  to  be  operated.  On  the  other  hand, 
the  polyphase  systems  are  adapted  to  cases  in  which  motors  play 
an  important  part.  The  monocyclic  system  is  a  compromise  be- 
tween the  two,  being  adopted  for  installations  which  supply  lights 
for  the  most  part,  but  are  required  also  to  operate  motors.  The 
lights  are  supplied  from  the  main  armature  winding,  which  is  prac- 
tically the  same  as  that  of  an  ordinary  single-phase  generator.  In 
addition  to  this  main  winding,  the  armature  is  provided  with  an- 
other set  of  coils,  one  terminal  of  which  is  connected  to  the  middle 
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point  of  the  main  winding,  the  other  terminal  being  led  to  a  third 
collector  ring,  as  represented  in  Fig.  168.  The  auxiliary  winding, 
called  the  "  teazer  coil,"  is  so  placed  with  respect  to  the  other  that 
they  produce  E,M,F's,  differing  by  90°  in  phase,  and  they  are 
designed  to  give  520  and  2080  volts  respectively.  From  the  prin- 
ciples explained  on  page  126,  it  is  evident  that  the  E.M.F.,  between 
the  outer  terminal  of  the  teazer  coil  and  either  main  terminal,  is 
equal  to  V(1040)2  -t-  520^  =  1160  volts.  The  main  current  is  passed 
through  a  rectifying  commutator  to  feed  the  series  field  coils,  and 
produce  a  compounding  effect  similar  to  that  in  the  single-phase 
composite-wound  generator  shown  in  Fig.  153. 

The  manner  of  supplying  arc  and  incandescent  lamps  as  well 
as  motors  by  means  of  the  monocyclic  system  is  illustrated  dia- 
grammatically  in  Fig.  169.  It  will  be  observed  that  all  the  lights 
and  small  single-phase  fan  motors  are  supplied  through  transformers, 
the  primaries  of  which  are  connected  to  the  two  outer  or  main  con- 
ductors only.  In  other  words,  they  are  fed  with  ordinary  single-phase 
current.  The  large  motors  may  be  of  either  the  induction  or  syn- 
chronous types  and  are  supplied  through  two  transformers,  con- 
nected, as  shown,  to  all  three  conductors,  so  that  they  receive,  in 
addition  to  the  main  current,  another  current  differing  in  phase 
from  the  former,  which  enables  them  to  be  started  up  as  polyphase 

motors. 

For  lighting  purposes  the  usual  forms  of  single-phase  trans- 
formers are  employed.     In  connection  with  motors  the  transform- 
ers may  be  specially  designed  for  the  mono- 
cyclic circuit,  or  a  pair  of  simple  single-phase 


A 


transformers  may  be  arranged   as   indicated 
in  Fig.  170.     In  the  latter  case  the  primary 
Q    coils  P  and  Q  are  connected  to  the  three  sup- 
ply conductors  Ay  By  and  C  as  shown,  C  being 
the  auxiliary  wire.      The  secondary  coils  5 
'^'^'  ^Monocjcurc^rcuit'  *"*    ^^^    ^  ^^^  councctcd   in  a  similar  manner, 
except  that  one  of  them  is  reversed,  and  the 
motor  is  fed  by  the  three  wires  G,  E,  and  F, 

Polyphase  Transmission  and  Direct  Current  Distribution.  —  An 
important  use  of  the  polyphase  system  in  connection  with  electric 
lighting  is  for  the  transmission  of  energy  at  high  potential  from 
the  generating  plant    to  sub-stations,  where  it   is  converted   into 
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low-tension  direct  current  for  local  distribution.  The  object  of 
this  plan,  which  has  been  adopted  bjr  many  of  the  largest  electric 
light  and  railway  companies,  is  to  combine  the  advantages  of  both 
alternating  and  direct  currents.  The  essential  features  of  this 
system  are  indicated  in  Fig.  171.  The  generators  GG  are  gen- 
erally three-phase,  since  the  conductors  for  this  system  require 
only  three-quarters  as  much  copper  as  for  the  two-phase  system, 
the  distance  of  transmission,  voltage,  percentage  of  drop  and  other 
conditions  being  the  same.  It  is  customary  to  employ  a  low  fre- 
quency of  25  periods  per  second.  This  is  rather  too  low  for 
satisfactory  arc  or  incandescent  lighting ;  but  the  energy  is  con- 

Fr 
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Fig.  171.    ThrM-phase  TransmUtion  and  Direct  Current  Distribution, 

verted  or  rectified  into  direct  current  or  the  frequency  may  be 
raised  by  means  of  a  "  frequency  change "  before  it  is  used  for 
feeding  lamps,  so  that  this  objection  is  avoided.  On  the  other  hand, 
the  low  frequency  is  better  for  transmission,  because  the  effects  of 
inductance  and  capacity  are  less,  and,  moreover,  it  facilitates  the 
operation  of  the  generators  in  parallel,  which  is  the  usual  practice 
in  such  installations.  In  the  United  States  a  standard  voltage  of 
6600  has  been  adopted,  being  considered  to  be  as  high  a  pressure 
as  it  is  practicable  to  handle  in  machines,  underground  conductors, 
switches,  fuses,  circuit  breakers,  etc.  This  pressure  is  produced 
directly   by   the   generators   without    step-up    transformers,    thus 
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saving  the  cost  of,  space  occupied  by,  and  losses  in,*  the  latter. 
Motors  are  also  operated  directly  at  this  voltage  in  order  to  drive 
arc-lighting  dynamos  or  other  apparatus. 

The  generators  GG  are  connected  in  parallel  to  the  bus  bars, 
By  By  By  through  switches  and  oil  circuit  breakers  (Fig.  172)  or 
fuses  CC,  Means  are  also  provided  for  bringing  each  machine 
into  sjmchronism  with  those  already  running,  before  it  is  connected 
to  the  main  bus  bars,  the  usual  indicating  lamp  or  other  device 
being  employed  for  the  purpose.  The  field  magnets  of  aU  the 
generators  are  supplied  in  parallel  from  a  set  of  direct  current  ex- 
citers, EEy  in  the  ordinary  manner.  It  is  well  to  have  a  storage 
battery  in  parallel  with  the  exciters  in  order  to  increase  the  relia- 
bility of  the  field  excitation.  The  strengths  of  the  fields  and 
therefore  E.M.FJs  of  the  generators  are  independently  regulated 
by  means  of  a  rheostat,  Ry  placed  in  each  field  circuit,  which  may 
be  operated  electrically. 

From  the  main  bus  bars,  feeders  FF  lead  out  through  oil  circuit 
breakers  or  fuses,  D,  and  run  to  the  sub-station  or  stations  from 
which  the  energy  is  to  be  distributed.  The  drop  on  the  feeders 
is  either  5  or  10  per  cent,  giving  6300  or  6000  volts  at  the  sub- 
station. These  feeders  are  usually  underground  cables  of  the 
form  described  in  the  chapter  on  Underground  Conductors.  After 
the  feeders  enter  the  sub-station,  they  again  pass  through  fuses 
or  oil  circuit  breakers,  KKy  and  then  to  the  high  tension  bus  bars> 
HHHy  from  which  the  primary  circuits  of  the  static  transformers, 
5,  are  supplied  through  oil  circuit  breakers,  LL,  In  these  trans- 
formers the  energy  is  stepped  down  from  6300  or  6000  to  about 
165  volts,  and  is  then  fed  into  rotary  converters,  R,  which  change 
it  into  direct  current  at  about  270  volts. 

The  ratio  of  conversion  from  single-  or  two-phase  to  direct  cur- 
rent is  1 :  V2  =  1  : 1.41,  since  the  latter  corresponds  to  the  maxi- 
mum value  of  the  former  (p.  114).  The  three-phase  E.M.F,  is 
V3  -5-  2  times  that  of  a  single-phase  E,M,F,  obtained  from  the 
same  rotary  converter  (p.  145).  Hence  the  ratio  of  conversion 
from  three-phase  to  direct  current  is  V3  -+-  2  :  V2  =  .613  : 1 
=  1 : 1.63  with  a  sine  wave  of  E.M.F.y  and  is  not  capable  of  much 
change,  as  stated  on  page  97.  On  account  of  the  latter  fact,  the 
regulation  of  the  direct  current  voltage  is  effected  by  means  of 
induction  regulators  /  of  the  form  shown  in  Fig.  167  inserted  in 
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the  secondary  circuits  of  the  stepdown  transformers  5.  These 
reg^ators  are  capable  of  raising  or  lowering  by  30  volts,  or  about 
10  per  cent,  the  pressure  produced  by  the  rotary  converters, 
which  is  270  volts,  hence  the  range  of  regulation  is  from  240  to 
300  volts.  Each  rotary,  Ry  of  1000  k.w.  capacity  is  provided  with 
its  own  regulator  rated  at  about  130  k.w.  The  static  transformers, 
PSy  of  350  k.w.  capacity  each,  are  connected  in  groups  of  three 
with  no  cross  connections  between  the  groups  on  the  secondary 
side ;  i.e.y  there  are  no  low-tension  alternating  current  bus  bars. 
Each  group  of  three  transformers  feeds  one  rotary  converter,  to 
which  the  secondaries  of  the  group  are  directly  wired,  there  being 
no  means  of  switching  any  rotary  from  one  to  another  group  of 
transformers.  This  arrangement  is  adopted  to  avoid  the  use  of 
switches  in  the  low-tension,  heavy  current  alternating  circuits,  as 
well  as  to  avoid  the  transference  of  stray  direct  currents  from  one 
rotary  converter  to  another  through  the  alternating  current  connec- 
tions, which  transference  is  likely  to  take  place  when  two  or  more 
rotaries  are  electrically  connected  to  the  same  low-tension  alternat- 
ing current  bus  bars. 

In  most  cases  the  rotary  converters  are  operated  as  six-phase 
machines.  The  purpose  of  this  arrangement  is  to  reduce  the 
copper  losses  in  the  rotary  armatures,  and  consequently  raise  the 
capacity  of  the  rotaries  with  the  same  temperature  rise.  As 
rotary  converters  have  no  field  distortion  their  capacity  is  deter- 
mined solely  by  their  heating  limit  and  their  commutating  ability, 
so  that  any  means  of  reducing  the  heating  correspondingly  in- 
creases the  number  of  kilowatts  which  a  given  machine  will  con- 
vert, provided  there  is  sufficient  field  strength  to  reverse  the  cur- 
rents in  the  armature  coils  as  their  commutator  segments  pass 
under  the  brushes.  It  has  been  shown  *  that  a  machine  which 
will  deliver  100  kilowatts  without  overheating  when  driven 
mechanically  as  a  generator,  will  deliver  131  kilowatts  with  the 
same  temperature  rise  when  run  as  a  three-phase  rotary  converter, 
and  will  deliver  194  kilowatts  when  run  as  a  six-phase  rotary  con- 
verter, other  conditions  remaining  the  same.  This  is  allowing  for 
the  internal  losses  of  the  converter,  and  assuming  that  the  im- 
pressed E,M.F,  is  in  phase  with  the  counter  E.M.F,  of  the 
machine.  If  wattless  currents  are  not  carefully  balanced  out,  or 
•  Steinmetz,  The  Electrical  World,  Dec.  17,  1898. 
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are  used  for  purposes  of  regulation,  the  output  of  the  machine  with 
either  number  of  phases  falls  off  somewhat,  but  the  six  phases 
still  show  about  the  same  advantage  over  the  three  phases.  As- 
suming a  wattless  component  amounting  to  80  per  cent  of  the 
total  alternating  current  input  of  the  machine,  the  same  100-k.w. 
generator  would  deliver  122  kilowatts  as  a  three-phase  rotary  and 
167  as  a  six-phase  rotary.  In  addition  to  the  reduction  of  the 
heating,  the  six-phase  arrangement  distributes  the  heating  much 
more  uniformly  around  the  armature  of  the  rotary  than  do  three 
phases,  with  which  the  heating  is  rather  badly  concentrated  in  a 
few  coils. 

While  the  term  "six-phase"  conveys  an  idea  of  considerable 
complexity,  it  requires  but  very  little  modification  of  the  usual 
three-phase  arrangement.  The  generators  and  high-tension  trans- 
mission Unes  are  three-phase,  the  six  phases  being  derived  from 
the  step-down  transformers,  which  are  of  the  usual  single-phase 
type,  and  three  in  number,  but  have  each  two  electrically  indepen- 
dent secondaries.  These  six  secondaries  of  the  step-down  trans- 
formers are  connected  in  two  separate  A  arrangements,  one 
secondary  of  each  transformer  being  reversed  with  respect  to  the 
other,  thus  producing  currents  differing  180°  in  phase.  The  con- 
nections of  the  three  transformers  are  shown  in  Fig.  171,  the 
primaries  P  being  fed  from  the  high-tension  three-phase  circuit 
arranged  in  A,  the  potential  being  either  6300  or  6000  volts,  de- 
pending upon  whether  a  drop  of  5  or  10  per  cent  occurs  on  the 
feeders.  Special  taps  are  led  from  the  primary  coil  to  enable 
either  voltage  to  be  used.  Each  transformer  has  two  secondaries 
which  are  connected  in  double  A  fashion,  as  represented,  to  give 
six-phase  currents  at  about  165  volts  which  are  carried  through  the 
induction  regulator  /.  From  the  latter  the  six-phase  energy  passes 
to  the  rotary  converter,  R  in  which  it  is  changed  to  direct  current 
energy  at  about  270  volts.  This  energy  is  supplied  to  the  outer 
bus  bars  M  and  T,  from  which  it  is  distributed  through  feeders  N 
to  the  ordinary  three-wire  network  of  conductors  similar  to  that 
described  on  page  103.  The  drop  on  the  feeders,  mains  and  house- 
wiring  reduces  the  potential  to  about  230  volts,  so  that  the  lamps 
receive  about  115  volts  on  each  side  of  the  system. 

Storage  batteries  are  commonly  employed  in  connection  with 
these  systems,  being  placed  in  the  sub-stations,  and  charged  from 
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the  direct  current  side  of  the  rotary  connectors  as  represented 
at  A  in  Fig.  171.  The  batteries  serve  to  subdivide  the  poten- 
tial for  the  three-wire  system,  . 

and  enable  a  more  uniform  ^ 
load  to  be  maintained  on  the 
generating  plant,  feeders, 
transformers,  converters,  etc., 
or  allow  them  to  be  shut 
down  temporarily.  It  affords 
also  a  means  of  starting  up 
the  rotary  converters  from 
their  direct  current  sides. 

The  connections  of  a 
somewhat  different  distribut- 
ing plant  are  shown  in  Fig. 
173,  which  represents  the  ar- 
rangement at  the  North 
Avenue  Sub-station  of  the 
Chicago  Edison  Company. 
In  this  case  two  three-phase 
rotary  converters  of  100  k.w. 
each  are  used,  and  the  primary 
pressure  is  4500  volts  ;  other- 
wise the  installation  is  similar 
to  that  described  in  connec- 
tion with  Fig.  171. 

Substantially  the  same 
system  of  three-phase  trans- 
mission and  direct  current 
distribution  is  employed  for 
electric  railways,  the  only  im-  ^^^ 
portant  differences  being  the 
facts  that  the  direct  current 
is  produced  550  or  600  volts 
and  the  distribution  is  by  two- 
wire  instead  of  by  three-wire 
circuits. 

In  spite  of  the  step-down 
transformation  and  the  con-  ^^.  ,7;?.  on  circuit  Breaker. 
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f/^.  173,    Connections  at  Sub-statfon. 


version  from  direct  to  alternating  current,  the  efficiency  of  these 
systems  is  fairly  high.  The  following  figures  have  actually  been 
obtained  in  practice.*   The  step-down  transformers  had  an  efficiency 

•  S/ree/  Railway  Journal,  October,  1899,  p.  710. 
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of  98.2  per  cent  at  full  load  of  350  k.w.  each,  and  the  rotary  con- 
verters of  990  k.w.  each  gave  96  per  cent  efficiency  at  full  load, 
making  a  combined  efficiency  of  94.2  per  cent.  In  comparing  this 
with  a  system  using  alternating  current  throughout,  it  should  be  re- 
membered that  the  latter  would  require  two  sets  of  transformers  to 
bring  down  the  pressure  from  6600  volts  to  that  used  in  the  lamps. 
In  other  words,  a  set  of  static  transformers  would  be  substituted  for 
the  rotary  converters,  so  that  the  combined  efficiency  would  be 
98.2  X  98.2  =  96.4  instead  of  94.2  per  cent.  On  the  other  hand, 
it  would  not  be  possible  to  use  direct  current  arc  lamps  or  motors, 
storage  batteries,  or  any  electrolytic  apparatus  in  connection  with 
a  purely  alternating  current  system.  Furthermore,  losses  and  the 
difficulties  of  regulation,  etc.,  caused  by  inductance,  capacity,  and 
low-power  factor  would  occur  with  alternating  current  in  the  dis- 
tributing conductors  and  house-wiring.  In  most  practical  cases 
these  would  more  than  offset  the  additional  loss  of  2.2  per  cent  in 
the  rotary  converters. 

A  form  of  oil  circuit-breaker  used  in  the  very  high-tension 
{6600  volts)  circuits  of  this  system  is  illustrated  in  Fig.  172.  It 
consists  of  a  magnet  operating  the  valve  of  a  pneumatic  cylinder 
the  piston  of  which  raises  or  lowers  a  metal  cross-head  carrying 
three  wooden  rods  that  extend  down  into  three  cells,  each  contain- 
ing the  switching  apparatus  for  one  phase  of  the  circuit.  A  sec- 
tion through  one  of  these  cells  is  shown  in  Fig.  172,  the  others 
being  the  same,  and  separated  from  each  other  by  4-inch  brick  par- 
titions to  act  as  barriers  and  prevent  arcing  between  the  switches. 
The  actual  ^circuit-breaking  parts  are  connected  to  the  movable  rods 
and  are  submerged  in  oil.  This  type  of  circuit-breaker  is  rated  at 
10,000  volts  and  800  amperes  per  phase. 

In  connection  with  the  above-described  system  of  three-phase 
transmission  and  direct  current  distribution,  it  is  common  practice 
to  employ  double  current  generators,  rectifiers,  and  frequency 
changers,  which  will  now  be  explained  under  their  respective 
headings. 

Double  Current  Generators.  —  Since  a  rotary  converter  is  pro- 
vided with  a  direct  current  commutator  and  with  alternating  cur- 
rent collecting  rings  connected  to  its  armature  winding  (page 
97),  it  may  be  employed  as  a  generator  if  driven  by  an  engine 
or    other    source  of   power,  and  polyphase  or  direct   currents  or 
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both  may  be  obtained  from  it.  In  some  plants  these  machines 
are  used  as  converters  at  one  time  and  as  generators  at  other 
times.  They  may  be  run  as  polyphase  generators  to  supply 
energy  at  a  distance  through  step-up  transformers,  and  can  also  be 
utilized  to  charge  storage  batteries  with  direct  current,  these  two 
functions  being  performed  at  different  hours  of  the  day  or  at  the 
same  time,  if  desired.  When  so  used  they  are  termed  double  cur- 
rent generators.  The  use  of  these  machines  in  the  stations  of  the 
Chicago  Edison  Company  is  described  in  The  Electrical  World  and 
Engineer^  May  19,  1900,  which  also  contains  complete  illustrations 
and  description  of  the  three-phase  transmission  and  direct  current 
distribution  system  employed  on  a  very  large  scale  by  that  com- 
pany. 

Rectifiers.  —  This  name  is  given  to  those  forms  of  apparatus  in 
which  single  or  polyphase  alternating  currents  are  changed  into 
direct  currents  by  means  of  commutators ;  these  niachines  being 
without  field  magnets  or  armatures.  This  distinguishes  them  from 
rotary  converters  which  are  complete  dynamo  machines.  Recti- 
fiers are  much  simpler,  cheaper,  and  more  efficient  than  converters; 
nevertheless,  they  have  not  been  very  generally  introduced,  chiefly 
on  account  of  practical  diflRculties  in  keeping  them  in  adjustment 
and  avoiding  sparking. 

In  principle  a  rectifier  is  a  reversing  commutator  Cin  Fig.  174, 
similar  to  that  of  an  open-coil  arc  dynamo  (Vol.  I.  p.  832).      In 


Fig.  774.    Hwtlfiw  of  Atttrnating  CurrMts. 

this  case  a  two-part  commutator  is  represented,  one  segment  being 
contmuously  connected  to  one  wire  M  and  the  other  segment  to 
the  other  wire  N  of  the  supply  circuit.  These  connections  are 
not  shown,  but  are  made  through  a  pair  of  brushes  and  rings 
connected  respectively  to  the  two  commutator  segments.  The 
wires  MNlead  from  a  single-phase  generator  G  through  a  con- 
stant current  transformer  T,  and  it  is  evident  that  the  connections 
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of  the  brushes  A  B  will  be  reversed  at  every  half  revolution  of  the 
commutator.  If  a  circuit  feeding  arc  lamps  L  in  series  be  con- 
nected to  brushes  A  By  it  is  evident  that  the  current  will  flow 
through  the  lamps  always  in  the  same  direction,  provided  the 
connections  are  reversed  exactly  when  the  alternating  current 
reverses.  In  Fig.  175  the  alternating  current  A,B,  C,D,F,  etc.,  is 
converted  into  the  pulsating  direct  current  AyB,QE,F,  etc.,  if  the 
reversals  occur  at  the  points  CyFyH, 
etc.  It  should  be  noted  also  that  the 
current  is  zero  at  the  instant  of  re- 
versal, hence  sparking  is  avoided.  In 
order  that  the  action  shall  take  place 
correctly  the  commutator  C  must  re- 
volve synchronously  and  in  proper  ng.  175. 
phase  with  the  alternating  current. 
For  a  two-part  commutator  the  number  of  revolutions  per  second 
must  equal  the  frequency,  and  the  brushes  A  B  must  be  set  very 
carefully  so  that  they  pass  from  one  commutator  segment  to  an- 
other at  the  instant  when  the  current  is  zero. 

The  constant  current  transformer  T  may  be  one  of  the  forms 
already  shown  in  Figs.  135,  136,  and  137 ;  and  it  will  feed  the 
lamps  practically  the  same  as  if  they  were  connected  to  it  directly, 
except  that  the  current  through  them  will  be  unidirectional  instead 
of  alternating,  thus  allowing  ordinary  types  of  direct  current  arc 
lamps  to  be  used.  The  fact  that  the  current  is  pulsatory  is  not 
objectionable  for  arc  lighting,  since  the  standard  Brush  and  Thom- 
son-Houston arc  dynamos  produce  currents  of  this  character. 
Incandescent  lamps  may  also  be  operated  equally  well  with  this 
current.  A  low  frequency  of  25  is  too  low  for  very  satisfactory 
nmning  of  either  kind  of  lamp,  but  at  40  or  more  periods  i^er 
second  both  work  well.  The  pulsating  current  is  also  applicable 
to  the  charging  of  storage  batteries  and  to  other  electrochemical 
purposes;  but  for  the  operation  of  the  ordinary  direct  current 
motors  it  would  be  likely  to  cause  sparking  unless  the  pulsations 
were  "smoothed  out"  by  inductance,  storage  batteries,  or  other 
suitable  means. 

Rectifiers  have  been  more  generally  employed  in  England  than 
in  America,  the  Ferranti  type  being  used  in  a  number  of  stations. 
This   consists   essentially  of   a   synchronous   alternating   current 
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motor  driving  the  rectifying  commutator.  A  constant  current 
transformer  with  movable  coils  somewhat  similar  to  that  shown  in 
Fig.  135  is  employed  in  connection  with  this  rectifier,  which  is 
usually  applied  to  arc  lighting. 

An  interesting  example  of  rectifier  is  that  installed  by  Mr.  W. 
S.  Barstow  in  Brooklyn.  The  6600  volt  three-phase  current  from 
the  main  generating  station  is  supplied  to  the  primary  of  a  coi>- 
stant  current  transformer  of  the  type  illustrated  in  Fig.  186,  the 
secondary  circuit  at  6600  volts  is  led  through  the  rectifier,  which 
consists  simply  of  a  three-part  commutator  driven  by  a  synchron- 
ous motor,  the  three-phase  conductors  being  connected  respectively 
to  the  three  segments  of  the  commutator.  Two  brushes  set  dia- 
metrically opposite  each  other  are  applied  to  the  commutator,  and 
are  connected  to  a  series  circuit  of  arc  lamps.  The  standard  form 
of  Thomson-Houston  commutator  is  employed  with  the  usual 
blower  attachment  to  suppress  sparking.  Since  the  Thomson- 
Houston  armature  has  practically  a  three-phase  winding  of  the  Y 
form,  the  current  supplied  to  its  commutator  segments  is  practi- 
cally the  same  as  in  a  three-phase  rectifier.  In  the  latter  case  the 
commutator  is  placed  at  a  distance  from  the  armature  winding,  and 
is  driven  by  a  synchronous  motor.  Owing  to  changes  in  the  phase 
of  a  motor  when  variations  in  load,  etc.,  occur  on  the  circuit,  the 
position  of  the  brushes  may  not  agree  exactly  with  the  points  of 
zero  current,  so  that  sparking  will  occur.  Since  the  maximum 
potential  exists  between  adjacent  commutator  segments  separated 
only  by  a  small  air-gap,  there  is  a  strong  tendency  to  flashing  or 
"ring-fire**  around  the  commutator,  thus  short-circuiting  a  pres- 
sure of  several  thousand  volts.  This  constitutes  the  chief  difficulty 
in  the  operation  of  rectifiers. 

The  direct  current  obtained  by  rectifying  a  two-  or  three-phase 
current  does  not  pulsate  so  much  as  the  rectified  single-phase  cur- 
rent in  Fig.  175,  for  the  reason  that  in  the  former  case  two  or 
three  waves  are  superimposed.  If,  for  example,  we  reverse  all  the 
waves  below  the  zero  line  in  Figs.  110  and  114,  the  resulting 
direct  current  would  be  represented  by  a  curve  obtained  by  sum- 
ming up  the  ordinates  at  every  point,  the  fluctuations  being  much 
less  than  in  Fig.  175. 

Frequency  Changers.  —  As  their  name  implies,  these  machines 
are  used  for  changing  the  frequency  of  an  alternating  current. 
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Ordinarily  the  object  is  to  increase  a  low  frequency  of  say  25 
periods  per  second,  which  is  hardly  high  enough  for  arc  or  incan- 
descent lighting,  to  60  periods  for  example,  which  is  more  satisfac- 
tory for  the  purpose  and  is  also  suited  to  the  usual  types  of  motors 
and  transformers.  The  type  of  frequency  changer  made  by  the 
General  Electric  Company  is  essentially  a  polyphase  transformer 
with  a  movable  secondary.  The  latter  consists  of  a  secondary  or 
armature  suitably  wound  for. any  desired  voltage  and  phase,  which 
is  mechanically  revolved  and  acted  upon  by  the  rotating  field  of  a 
polyphase  primary.  If  the  secondary  is  revolved  in  a  direction 
opposite  to  that  of  the  rotary  field,  obviously  the  frequency  of  the 
current  in  the  secondary  will  be  higher  than  the  frequency  of 
the  current  supplied  to  the  primary,  and  vice  versa.  When  the 
secondary  rotates  against  the  rotary  field,  it  acts  as  a  generator 
and  requires  power  to  drive  it,  and  when  it  turns  with  the  field  the 
machine  acts  as  an  induction  motor.  Thus  we  see  that  there  is  a 
combined  generator  and  transformer  action  when  the  frequency  is 
raised. 

The  secondary  may  be  rotated  by  any  suitable  mechanical 
means,  the  synchronous  polyphase  motor  being  ordinarily  used 
for  this  purpose.  By  over-exciting  the  field  of  the  latter,  the  lead- 
ing current  thus  produced  (p.  134)  may  be  made  to  balance  the  lag 
caused  by  the  primary  of  the  frequency  changer,  thereby  raising 
the  power  factor  on  the  supply  circuit.  The  output  of  a  frequency 
changer  when  the  frequency  is  increased  is  equal  to  the  sum  of 
the  mechanical  power  applied  to  it  and  of  the  electrical  imput  in 
the  primary,  less  the  losses.  The  frequency  of  the  secondary 
current  is  equal  to  the  number  of  poles  of  the  primary,  multiplied 
by  the  sum  of  the  revolutions  per  second  of  the  shaft  and  of  the 
field  (when  they  run  in  opposite  directions).  If  the  primary  has  a 
three-phase  winding  and  the  secondary  is  provided  with  a  two- 
phase  winding,  the  current  is  changed  from  three-  to  two-phase  at 
the  same  time  that  the  frequency  is  raised.  It  is  evident  also  that 
the  opposite  change  may  be  effected  by  transposing  the  windings. 

Tests  of  a  200  k.w.  General  Electric  frequency  changer  of 
this  type  gave  the  following  results  : 

Primary     wound  for  6000  volts,  3  phase  and  25   cycles. 
Secondary      "        "    2400     ''      2      "       "     62^      " 
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The  above  machine  was  directly  connected  to  a  4-pole,  3-phase, 
6000-volt,  25-cycle  (hence  750  r.p.m)  synchronous  motor  with  a 
stationary  armature.  The  efficiency  was  73J  per  cent  at  80  k.Wi 
output,  81i  at  120  k.w.,  87i  per  cent  at  160  k.w.,  and  91  per 
cent  at  2()0  k.w.  or  full  load.  The  power  factor  was  practically 
100  per  cent  at  all  these  loads,  showing  the  balancing  of  the  lag- 
ging and  leading  currents  as  already  pointed  out.  The  wave  forms 
of  EM.F.  and  current  approximated  closely  to  the  simple  sine 
curve.  The  efficiencies  stated  above  signify  the  true  watt  output 
divided  by  the  true  watt  imput,  the  latter  including  the  true  watts 
consumed  by  the  motor. 

Transforming  from  Two-  to  Three-Phase.  —  It  has  just  been 
explained  how  the  frequency  changes  may  be  employed  to  trans- 
form currents  from  two-  to  three-phase,  or  vice  versa.  This 
requires,  however,  two  rather  expensive  machines  demanding  at- 
tention, so  that  when  no  change  in  frequency  is  desired,  it  is  more 
economical  to  transform  from  two-  to  three-phase,  or  the  converse, 
by  means  of  simple  static  transformers.  A  method  of  this  kind, 
devised  by  Mr.  C.  F.  Scott,*  is  illustrated  in  Figs.  176-178.     It 
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Flga.  176  and  177.     Transforming  from  Two- to  Thret-phase. 

involves  the  use  of  two  transformers,  one  wound  for  a  ratio  of 
transformation  of  say  1000  :  100,  and  the  other  for  a  ratio  of 
1000  :  86.7.  In  Fig.  176,  HI  represents  the  primary  and  AB 
the  secondary  of  the  first  transformer,  KJVand  CJ  being  respect- 
ively the  primary  and  secondary  of  the  second  transformer.  The 
two  primaries  are  fed  from  the  two-phase  circuit  DE  and  FG^  and 
one  terminal  of  the  secondary  (T/is  connected  to  the  middle  point 
of  the  secondary  AB,  The  three-phrase  circuit  is  connected  to 
the  points  AB  and  C.  In  the  diagram  of  potentials  (Fig.  177)  it 
is  evident  that  AC  and  CB  will  each  be  equal  to  ABy  so  that  ABC 

*  Electric  World,  March  17  and  24,  1894. 
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will  be  an  equilateral  triangle  when  CJ\AB.\  V3  :  2 : :  86.7  :  100, 
hence  the  three  secondary  EM.F'%,  represented  by  ABy  EC  and 
CAy  are  equal  in  value  and  differ  by  120°  in  phase.  This  is  the 
proper  condition  for  supplying  a  three-phase  circuit  connected  to 
the  points  Ay  B  and  C,  In  practice,  especially  in  small  trans- 
formers, it  is  a  sufficiently  close  approximation  if  the  E,M,F.  of 
the  secondary  C/is  90  instead  of  86.7  per  cent  of  AB, 

This  method  is  often  employed  when  two-phase  energy  is  pro- 
duced by  the  generators  (see  Fig.  178)  and  it  is  desired  to  trans- 
mit some  or  all  of  it  to  a  considerable  distance.  By  transforma- 
tion from  two-  to  three-phase,  a  saving  of  twenty-five  per  cent  in 
copper  is  secured  in  the  transmitting  conductors  Ay  By  C,  At  the 
receiving  station  the  energy  may  be  distributed  in  three-phase 
form  or  may  be  transformed  back  again  into  two-phase  current  as 
indicated  in  Fig.  178.     The  large  generators  at  Niagara  are  of  the 


Fig.  178.    Phiue  Jrantformation. 

two-phase  type,  and  some  of  the  energy  produced  by  them  is  trans- 
formed in  the  above-described  manner,  so  that  it  may  be  trans- 
mitted in  three-phase  form. 

Transforming  from  Single  to  Polyphase, —  It  is  often  very  desir- 
able  to  accomplish  this  result  when  it  is  required  to  operate  motors 
from  single-phase  circuits,  but  the  subject  belongs  to  electric  power 
more  than  to  electric  lighting.  A  method  of  this  sort,  invented  by 
Mr.  C.  S.  Bradley,*  consists  in  causing,  by  means  of  a  condenser, 
a  lead  of  current  in  one  branch  of  a  circuit,  and  in  combining  this 
with  lagging  currents  in  another  branch  so  as  to  produce  a  three- 
phase  current  in  the  secondary  circuit. 

Size  and  Location  of  Transformers. —  Most  systems  of  alternat- 
ing current  distribution  employ  transformers,  and  it  is  of  great 
importance  to  exercise  special  care  in  deciding  upon  their  sizes  and 
locations.     The  constant  core  loss  results  in  the  course  of  a  year 

•  Phasins:  Transformers  Trans.  Amer.  Inst.  Elec.  Eng.,  September,  1895. 
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in  a  waste  of  a  large  amount  of  energy,  and  every  effort  should  be 
made  to  reduce  this  to  a  minimum.  When  transformers  were  first 
introduced,  it  was  customary  to  use  a  large  number  of  them  in 
small  sizes ;  but  it  was  soon  found  that  the  core  loss  consumed 
too  great  a  fraction  of  the  total  output  of  the  station,  often  amount- 
ing to  25  and  sometimes  to  50  per  cent.  This  was  partly  owing 
to  the  fact  that  transformers  at  that  time  were  not  as  well  designed 
and  constructed  as  at  present,  but  it  was  due  also  to  the  custom  of 
using  too  many  small  sizes.  This  is  made  evident  by  inspecting 
the  table  on  page  184,  which  shows  that  a  600  watt,  125-cycle 
transformer  has  a  core  loss  of  20  watts,  while  one  of  50,000  watt 


Fig,  179.    Number  and  Arrangement  of  Transformer. 

capacity,  or  83.3  times  as  great,  has  a  core  loss  of  354  watts, 
which  is  only  17.7  times  as  much.  In  the  first  case  the  loss  is  3.3 
per  cent,  and  in  the  second  it  is  but  .7  per  cent,  or  about  one-fifth 
as  large.  If  the  comparison  be  made  between  the  1  k.w.  and  the 
10  k.w.  transformers,  it  is  found  that  the  former  has  a  core  loss  of 
2.5  per  cent  (25  watts)  and  the  latter  of  1.08  per  cent ;  these  being 
the  limits  of  sizes  ordinarily  used  in  electric  lighting. 

The  actual  case  of  a  district  in  a  small  town  is  represented  in 
Fig.  179.  Originally  there  were  installed  25  small  transformers 
(indicated  by  dots  and  numbers)  having  a  combined  capacity  of  340 
lamps  of  16  c.p.  and  a  core  loss  of  1664  watts.    These  were  after- 
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wards  replaced  by  two  larger  transformers  (indicated  by  black 
rectangles),  which  had  only  238  watts  core  loss,  or  about  one- 
seventh  as  much,  the  saving  being  1426  watts.  If  the  first  plant 
operated  for  24  hours  per  day  the  core  loss  would  have  aggregated 
40  k.w.  hours  for  each  day  in  the  year,  and  probably  this  was 
greater  than  the  useful  «nergy  consumed  in  the  lamps.  This  may 
be  a  rather  extreme  case ;  but  there  were  many  others  equally  bad, 
and  at  one  time  the  average  practice  was  little  better.  Besides  the 
advantage  of  lower  percentage  of  losses  in  large  transformers,  a 
gain  is  made  in  the  fact  that  the  total  required  capacity  is  less. 
If,  for  example,  a  small  transformer  is  installed  for  each  house,  it 
is  necessary  that  its  size  should  be  sufficient  to  supply  the  maxi- 
mum number  of  lights  that  will  ever  be  used  in  that  house  at  one 
time.  Ordinarily,  in  fact  for  fully  99  per  cent  of  the  year,  the 
number  of  lamps  burning  will  be  much  less  than  this  maximum, 
hence  the  transformer  and  its  core  loss  are  far  out  of  proportion  to 
the  average  useful  current.  On  the  other  hand,  a  larger  trans- 
former, supplying  ten  houses  for  example,  need  not  have  ten  times 
the  capacity,  because  it  is  practically  impossible  that  all  of  the 
houses  will  bum  the  maximum  number  of  lights  at  the  same  time. 
In  short,  one  7.5  k.w.  transformer  will  safely  take  the  place  of 
ten  transformers  of  1  k.w.  each  ;  and  the  former  would  have  a  core 
loss  of  only  85  watts  compared  with  10  X  25  =  250  watts  for  the 
latter. 

A  further  saving  may  be  effected  by  having  sub-stations  in 
which  the  transformers  are  concentrated  or  "  banked,"  and  con- 
nected in  parallel.  During  the  hours  when  the  load  is  light,  only 
one  transformer  need  be  operated,  the  primary  circuits  of  all  the 
others  being  open ;  but  when  the  load  increases  transformers  are 
added  as  required,  thus  the  core  loss  is  kept  in  reasonable  propor- 
tion to  the  useful  energy. 


Digitized  by  VjOOQIC 


224  ELECTRIC  LIGHTING. 


CHAPTER  ri. 

CALCUIiATION  OF  ALTERKATING*  CURRENT  CIRCXnTS. 

The  properties  of  electrical  conductors  were  given  in  Chapter 
I.,  which  included  a  general  discussion  of  economy  in  their  design. 
The  principles  there  laid  down  apply  to  alternating  as  well  as  to 
direct  current  conductors,  but  additional  factors  enter  in  connec- 
tion with  the  former.  In  the  long-distance  transmission  of  power, 
these  questions  are  of  prime  consequence  ;  but  in  electric  lighting 
the  distances  are  ordinarily  shorter,  so  that  the  problem  is  not  so 
difficult  or  important.  Hence  it  will  not  be  necessary  to  consider 
the  matter  in  detail  or  at  great  length  in  this  work. 

Choice  of  Frequency.  —  One  of  the  first  points  to  be  decided  in 
designing  an  alternating  current  system  is  the  best  frequency  to 
employ.  Those  generally  used  in  the  United  States  are  25,  40, 
60,  125,  and  133  cycles  per  second.  It  would  be  well  if  the 
Standardization  Report  of  the  American  Institute  of  Electrical 
Engineers  were  followed  and  three  standard  frequencies  of  30, 
60,  and  120  became  generally  adopted.  These  would  cover  almost 
all  cases  that  arise,  and  being  simple  multiples  of  each  other  would 
facilitate  the  design  and  construction  of  apparatus  in  regard  to 
number  of  poles,  windings,  etc.  In  other  countries  many  different 
frequencies  are  employed,  100  cycles  being  a  common  value  in 
England  and  on  the  Continent.  Sixty  cycles  or  less  is  considered 
to  be  "low  frequency,"  and  above  that  is  called  "high  frequency," 
but  anything  between  60  and  120  is  rarely  used  in  America.  A 
frequency  of  133  cycles  was  originally  adopted  when  the  alternat- 
ing current  was  introduced  for  electric  lighting,  and  is  still  used  in 
many  plants,  especially  those  installed  by  the  Westinghouse  Com- 
pany. A  standard  of  125  cycles  is  adopted  for  electric  lighting 
apparatus  by  the  General  Electric  Company.  These  high  frequen- 
cies possess  the  advantage  that  the  size  and  cost  of  transformers  are 
less  when  they  are  selected.     At  the  present  time  a  10  k.w.  trans- 
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former  costs  about  25  per  cent  more  for  60  cycles  and  about  60 
per  cent  more  for  25  cycles  than  for  the  high  frequency  of  125 
cycles. 

In  the  early  history  of  alternating  current  lighting,  the  gene- 
rators were  belt-driven  and  ran  at  about  1000  r.p.m.  Consequently 
183  cycles  could  be  obtained  with  a  16-pole  machine.  At  present 
large  direct-connected  alternators  running  at  about  100  r.p.m.  are 
generally  installed,  and  would  require  160  poles  to  g^ve  the  same 
frequency.  This  would  make  a  complicated  and  expensive  con- 
struction, so  that  60  cycles,  requiring  72  poles,  would  be  much  more 
practical.  Another  objection  to  high  frequency  is  the  fact  that 
inductance  or  capacity  effects  are  greater.  The  drop  in  voltage 
due  to  the  former  and  the  charging  current  due  to  the  latter  are 
both  directly  proportional  to  the  frequency,  and  the  tangent  of  the 
angle  of  lag  is  also  proportional  to  it.  For  example,  the  voltage 
drop  on  a  No.  0  A.W.G.  wire  due  to  its  resistance  and  reactance 
(p.  116)  is  only  one-half  as  much  at  25  as  it  is  at  125  cycles. 
Tables  showing  this  difference  will  be  given  later  in  the  present 
chapter.  Since  the  drop  is  greater  it  follows  that  the  regulation 
is  poorer  on  high  -frequency  circuits.  The  greater  wattless  cur- 
rents cause  greater  heating  in  generators,  lines,  transformers,  etc. 
Still  another  disadvantage  of  high  frequency  is  the  fact  that  it 
renders  more  difficult  the  parallel  operation  of  generators  and 
rotary  converters,  as  well  as  the  running  of  motors. 

The  disadvantages  of  low  frequency,  besides  the  higher  cost  of 
transformers  already  noted,  are  the  difficulties  involved  in  operat- 
ing arc  and  incandescent  lamps.  It  is  not  yet  practicable  to  run 
the  former  below  40  cycles  and  the  latter  below  25  cycles  per  second, 
and  even  at  those  values  the  results  are  not  very  satisfactory. 
Low-voltage  or  large  candle-power  incandescent  lamps  flicker  less 
than  the  standard  110  volt  16  c.p.  lamps,  but  the  practice  is  deter- 
mined by  the  latter.  The  220  volt  lamp  would  be  still  more  sen- 
sitive to  the  waves  of  current,  on  account  of  its  thinner  filament. 
In  conclusion,  it  may  be  said  that  for  lighting  alone  at  moder- 
ate distances  a  frequency  of  125  or  138  may  be  adopted  ;  but  even 
in  such  cases  it  would  probably  be  wiser  to  choose  60  cycles,  in 
order  to  permit  the  operation  of  motors  and  the  extension  of  the 
system  to  greater  distances.  For  supplying  power  as  well  as  light 
60  cycles  are  very  satisfactory  where  the  circuits  are  not  too  long. 
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To  transmit  energy  to  great  distances,  a  low  frequency,  such  as 
25  or  30  cycles,  is  suitable.  The  same  is  true  of  long  underground 
submarine  cables  where  the  capacity  effects  would  be  great.  A 
low  frequency  of  26  is  generally  selected  also  for  the  simple  trans- 
mission of  energy  between  generating  and  distributing  stations, 
where  the  energy  is  converted  into  direct  current  before  it  is  used, 
so  that  the  frequency  makes  no  difference  so  far  as  the  lights  are 
concerned.  This  question,  which  is  almost  always  a  serious  one,  is 
often  complicated  by  the  fact  that  a  certain  frequency  has  already 
been  adopted  in  the  original  plant,  so  that  there  is  a  great  tempta- 
tion to  adhere  to  it  in  making  additions.  In  many  cases  it  may  be 
necessary  to  do  so ;  but  frequently  it  would  be  wiser  and  cheaper  in 
the  end  if  the  old-fashioned  apparatus  were  sold,  even  at  a  great 
sacrifice,  and  a  new  plant  designed  and  installed  in  accordance  with 
the  best  practice. 

Relative  Weights  of  Copper  for  Various  Systems.  —  This 
question  is  exceedingly  important,  but  belongs  more  to  long-dis- 
tance power  transmission  than  to  electric  lighting.  Nevertheless, 
the  problem  often  enters  directly  or  indirectly  in  electric  light 
engineering,  and  it  will  be  well  to  consider  briefly  the  principles 
involved,  and  the  methods  of  calculation  that  are  employed. 

A  comparison  between  the  weights  of  copper  required  for  the 
different  direct-current  systems  was  given  on  page  87.  In  at- 
tempting to  apply  similar  reasoning  to  the  alternating  current,  the 
difficulty  arises  that  the  voltage  ordinarily  measured  is  not  the  max- 
imtim  value ;  and  since  the  insulation  is  subjected  to  the  strain  of 
the  latter,  the  relative  figures  obtained  depend  upon  which  basis  of 
comparison  is  adopted.  For  long-distance  transmission  the  highest 
voltage  that  is  practicable  under  the  circumstances  would  ordinarily 
be  chosen,  but  for  local  distribution  the  effective  pressure  would 
determine  the  question. 

The  most  important  systems  of  transmission  and  distribution 
are  represented  in  Fig.  180,  and  the  relative  weights  of  copper 
required  are  given  in  terms  of  the  common  two-wire  circuit  taken 
as  100.  For  equal  effective  values  of  E.M.F,  the  direct  and  alter- 
nating currents  demand  the  same  weight  of  copper ;  but  if  equal 
maximum  values  are  considered,  the  latter  requires  twice  as  much 
copper,  distances,  power  in  watts,  percentage  of  drop,  etc.,  being 
equivalent.     This  is  easily  understood  when  we  remember  that  the 
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maximum  value  of  an  alternating  E.M,F.  is  V2  =  1.41  times  its 
effective  rating,  consequently  an  alternating  E,M.F,  of  100  volts 
would  have  the  same  maximum  as  a  direct  E.M.F.  of  141  volts. 


System. 

Smgfe  Phase 
Zmre 


Single  Phase 
ZWire 


Connections. 


Weight 
of  Copper. 


100. 


{  375 
\l50.0 


Two  Phase 
3mre 


100. 


Two    Phase 
3  Wire 


Three  Phase 
3  Wire 


Three  Phase 
4  Wire 


Monocych 


\  145.7 


75: 


33.3 


(100. 
\  125. 
yi50. 


Fig.  180.    Rtlatlot  Wttghts  of  Copp*r. 


'For  the  same  number  of  watts  the  amperes  of  the  direct  current 
are  :^^  as  great,  so  that  the  drop  in  volts  is  in  the  same  propor- 
tion with  equal  resistances.     But  the  percentage  of  drop  is  only 

100         100        1         ,  .'        u  .  U   14:  u 

X  5-rT  =  Ti^s  large  for  the  current,  or  one-half  as  much  copper 
141       141       2 
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would  be  required  for  the  same  percentage  of  drop.  This  is  sim- 
ply a  particular  case  under  the  general  law  that  weight  of  copper 
is  inversely  proportional  to  the  squares  of  the  voltages^  other  things 
being  equal. 

The  single-phase,  three-wire  (Fig.  150)  requires  87^^  p6r  cent 
as  much  copper  as  the  two-wire  system,  and  by  making  the  neutral 
one-half  the  cross-section  of  either  of  the  outside  conductors  the 
copper  is  reduced  to  31i  per  cent.  These  percentages  are  in  the 
same  proportion  as  for  direct-current  systems,  the  figures  for  which 
were  explained  on  pages  72  and  87.  The  above  ratios  assume 
that  the  lamp  voltages  are  equal  in  all  cases  ;  but  it  is  evident  that 
this  will  give  twice  the  total  voltage  for  the  three-wire  circuit,  since 
it  practically  involves  the  placing  of  two  lamps  in  series.  For  the 
same  total  voltage,  the  three-wire  would  require  50  per  cent  more 
copper  than  the  two-wire  system,  since  the  former  would  have 
three  conductors  instead  of  two,  and  everything  else  would  be  the 
same. 

Two-phase  four-wire  require  the  same  amount  of  copper  as  the 
ordinary  single-phase  two-wire  circuits,  the  former  being  equivalent 
to  two  single-phase  systems.  With  the  two-phase  three-wire  sys- 
tem (p.  142)  the  case  is  not  so  simple,  but  may  be  determined  as 
follows :  Assume  the  voltage  V  between  either  outside  wire  and 
the  common  return  wire  to  be  the  same  as  in  a  single-phase  cir- 
cuit. The  total  power  transmitted  is  VI  for  the  latter,  where  / 
is  the  current,  and  to  transmit  the  same  power  by  the  two-phase 
system  the  power  must  be  2  Vi,  in  which  i  is  the  current  in  either 
outside  wire,  and  is  equal  to  /-»-  2.  The  current  in  the  common 
conductor  is/  V2,  consequently  to  have  the  same  current  density, 
which  is  the  condition  of  maximum  efficiency,  its  cross-section 
must  be  V2  times  that  of  either  of  the  others,  and  its  resistance 
is  r  ■*-  \^  in  which  r  is  the  ohmic  resistance  of  one  of  the  outer 
wires.  The  loss  of  power  for  each  of  the  latter  is  /  V,  and  for  the 
middle  wire  it  is  2  /V-h  V2  =  ?  V  V2,  hence  the  total  loss  in  the 
three  wires  is  2/V-h  /VV2  =  /V(2  -I-  V'2)  =  /V(2  -f-  V2)-!-  4, 
since  i  =  /  -f-  2.  The  loss  in  the  equivalent  single-phase  circuit  is 
2PR,  in  which  R  is  the  resistance  of  one  of  the  conductors,  and 
this  must  be  the  same  as  the  loss  for  the  two-phase  system  ;  hence 

2  /2/?  = ^  J ^  or  r  = ,    • 

4  2-h  V2 
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Therefore  each  outer  wire  must  be  (2  -h  V2)  -h8  times,  and  the 
middle  wire  V2  (2  4-  V2)  ■*-  8  times  as  large  as  each  single-phase 
conductor.     It  follows  that  the  weight  of  copper  in  the  two-phase^ 

.  2  (2  -h  V2)  .  (2  -h  V2)  V2  .... 
three-wire  conductors  is  — ^ — ^r +  ^ — ^ =  1.457  com- 
pared with  2  for  the  single-phascy  two-wire  system^  or  in  otiter 
words  is  72.9  per  cent  as  great  at  the  same  minimum  voltage.  If 
this  comparison  is  made  on  the  basis  of  maximiim  voltage,  it  is 
necessary  to  make  the  potential  difference  between  the  outer  con- 
ductors equal  to  that  in  the  single-phase,  two-wire  circuit,  hence 
the  voltage  between  either  outside  wire  and  the  common  return  is 
V  -i-  V2,  and  the  current  in  each  branch  i^  =  /-*-  V2,  so  that  the 
power  in  both  branches  is  2  (V -^  V2)(/-j-  V2)  =  F7,  which  is 
the  same  as  that  in  the  single-phase  system.  The  current  in  the 
common  return  is  i^  sfi  =^  I,  and  its  resistance  should  be  n  -s-  V2 
if  Tj  is  the  resistance  of  each  outer  wire.     The  total  loss  is 

This  must  be  equal  to  2l^Ry  the  loss  in  the  single-phase,  hence 

2  2-f  V2 

2  4-    V2 
That  is,  each  outside  wire  requires  ^ —  times,   and  the 

(2  4-  V2)  V2 
middle  wire  ^ ^— ^ times  as  much   copper   as  each  of  the 

singlfe-phase  conductors. 

Hence  the  total  system  demands 

2(2  4-  V2)      (2  -h  V2)  V2 

__j — L  -I- : =  2.914  compared  with  2  for  the  sin- 
gle-phase, or  1.457  times  as  much  copper;  that  is,  the  two-phase 
three-wire  system  requires  45.7  per  cent  more  copper  than  the  two- 
phase  at  the  same  maximum  voltage. 

Considering  a  three-phase,  three-wire  system  (p.  145),  having  a 
voltage  V  between  the  lines  measured  as  A  potential,  the  current 
in  each  line,  or  Y  current,  is  4  and  the  current  from  line  to  line, 
or  A  current,  is  /,  •*-  V3.  Hence  the  total  power  in  all  three 
branches  is  8  Vi^  -!-  V3  =  Fi,  V3,  and  if  this  is  to  equal  VI,  the 
power  of  the  single-phase  circuit,  then  VI  =  Vi^  V3,  or  i^^I  -^  V3. 
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If  r,  is  the  resistance  of  each  three-phase  conductor,  then  the  loss 
per  wire  is  /^r,  -•-  3,  and  the  total  loss  is  /V^  while  in  the  single- 
phase  system  it  is  2/'^.  Hence,  to  get  the  same  loss,  /Vj  =  2/^^, 
or  r  =  2^ ;  that  is,  each  three-phase  wire  has  twice  the  resistance 
and  half  the  copper  of  each  single-phase  conductor,  or  in  other 
words,  the  three-phase^  three-wire  system  requires  76  per  cent  as 
much  copper  as  the  single-phase  at  the  same  w^iximum  voltage.  In 
the  three-phase,  three-wire  system,  with  the  lamps  connected  be- 
tween the  neutral  point  and  the  three  outer  wires,  —  that  is,  in  Y 
fashion  (p.  144), —  the  voltage  between  the  outer  wires,  or  A  poten- 
tial, will  be  FVS,  if  Fis  the  lamp  or  F  voltage.  In  other  words, 
the  potential  between  lines  is  raised  from  Fto  FVS  ;  and  since  it 
has  been  shown  previously  that  the  weight  of  copper  is  inversely 
as  the  square  of  the  voltage,  the  weight  of  copper  for  the  three 
wires  will  be  one-third  as  great  as  in  the  preceding  case,  and^  -h  | 
=  i^  as  much  as  for  the  two-phase.  The  addition  of  a  fourth  or 
neutral  conductor  (Fig.  166)  will  increase  this  to  J  X  i  =  ^,  so 
that  the  three-phase^  four-wire  requires  8S.S  per  cent  as  much  copper 
as  the  single-phase^  two-wire  system  at  the  same  minimum  voltage. 

The  monocyclic  system,  when  supplying  lamps,  is  practically 
the  same  as  a  single-phase  circuit  (p.  208);  and  most  of  the  energy 
for  motors  is  carried  by  the  two  main  conductors,  except  in  starting, 
when  the  auxiliary  wire  furnishes  a  certain  amount  of  current.  If 
the  extra  wire  is  omitted  on  certain  circuits,  then  the  copper  re- 
quired is  the  same  as  for  the  single-phase,  two-wire  system.  If  the 
third  wire  is  one-half  as  large  as  each  of  the  other  two,  then  the 
monocyclic  calls  for  125  per  cent ;  and  if  the  three  conductors  are 
all  of  the  same  size,  then  the  copper  demanded  is  160  per  cent  of 
that  used  by  the  single-phase  circuit.  Hence  the  monocyclic  system 
requires  as  much  copper  as  an  equal  voltage  single-phase^  two-wire 
system^  plus  the  copper  in  the  auxiliary  conductor 

This  table  js  issued  by  the  General  Electric  Company,  and  gives 
in  convenient  form  the  constants  to  be  used  in  calculating  over- 
head electric  transmission  lines,  the  various  quantities  having  the 
following  significance :  — 

r  =  Ohmic  resistance. 

L  =  Inductance  in  milhenrys  per  1000  feet  of  conductor. 
C—  Capacity  in  microfarads  per  1000  feet  of  conductor. 

i^  =  Charging  current  at  100  cycles  and  10,000  volts  to  neutral,  that  is,  in  a 
20,000  volt  single-phase,  and  a  17,300  volt  three-phase  line. 


Digitized  by  VjOOQIC 


CALCULATION  OF  ALTERNATING    CURRENT  CIRCUITS.    231 

/o=  2  X  T  X  frequency  X  CX  -£'  X  10  — «;  where  E  is  the  E.M.F.  between  a 
line  and  neutral. 

X  =  reactance  =  2  X  t  X  frequency  X  Z  X  10 — '. 

The  E.M.F.  consumed  by  resistance  r,  of  the  line,  is  =  /r,  and  in  phase  with  the 
current  /. 

The  E.M.F.  consumed  by  the  reactance  x^  of  the  line,  is  =  /or,  and  in  quadrature 
with  the  current  /. 

The  E.M.F.  consumed  in  the  line  is  neither  Ir  nor  Ix,  but  depends  upon  the 
phase  relation  of  current  in  the  receiving  circuit. 

The  loss  of  energy  in  the  line  is  =  /V,  hence  does  not  depend  upon  the  reac- 
tance, but  only  upon  the  resistance. 

Two  wires  in  parallel  have  the  same  resistance  and  about  half  the  reactance  (if 
strung  on  separate  insulators  and  intermixed)  of  a  single  wire  of  double  cross-section. 
Thus  replacing  one  No.  0000  wire  by  two  No.  0  wires,  the  resistance,  weight  of  cop- 
per, etc.,  will  remain  the  same,  but  the  reactance  will  be  reduced  practically  to  half,  so 
where  lower  reactance  is  desired,  the  use  of  several  conductors,  strung  on  indepen- 
<ient  insulators  and  intermixed,  is  advisable. 

The  values  given  for  Z,  C,  /q,  and  x  are  calculated  for  sine  waves  of  current  and 
E.M.F. 

UNE    OON8TANTB    FOR    EI^EOTRIO    TILAK8KIS8IQN. 

Per  1000  Fket  of  Each  Wire. 
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25,  60,  125  Cycles, 
IN  Ohms. 

No. 

Lbs. 

Mils. 

CM. 

r 

L. 

c 

lo 

X  25 

X60 

X  125 

0000 

639 

460 

211600 

.049 

.282 

.00.388 

.0244 

.0443 

.1002 

.221 

000 

507 

410 

167805 

.062 

.290 

.00378 

.02.38 

.0455 

.1090 

.227 

00 

402 

365 

13.3079 

.078 

.296 

.00368 

.0232 

.0465 

.1118 

.232 

0 

319 

325 

105592 

.098 

.303 

.00358 

.0226 

.0476 

.1141 

.238 

1 

263 

289 

83694 

.124 

..310 

.00351 

.0220 

.0486 

.1166 

.243 

2 

201 

258 

66373 

.156 

.317 

.00342 

.0215 

.0498 

.1194 

.249 

3 

159 

229 

52633 

.197 

.324 

.003.34 

.0210 

.0509 

.1220 

.254 

4 

126 

204 

41742 

.249 

.332 

.00326 

.0205 

.0521 

.1248 

.261 

5 

100 

182 

33102 

.314 

..339 

.00320 

.0201 

.0532 

.1277 

.266 

6 

79 

162 

26250 

.395 

.346 

.00313 

.0197 

.0543 

.1301 

.271 

7 

63 

144 

20816 

.499 

.352 

.00.306 

.0193 

.0553 

.1327 

.276 

8 

50 

128 

16509 

.629 

.360 

.00.300 

.0189 

.0565 

.1356 

.283 

9 

40 

114 

13094 

.792 

.366 

.00294 

.0185 

.0575 

.1380 

.288 

10 

31 

102 

10382 

.999 

.373 

.00288 

.0181 

.0686 

.1405 

.293 

The  above  figures  apply  to  parallel  wires  that  are  18  inches 
apart,  but  are  not  much  modified  by  moderate  changes  in  interaxial 
distance.     For  example,  the  inductance  L  is  decreased  about  10 


Digitized  by  VjOOQIC 


282  ELECTRIC  LIGHTING, 

per  cent  when  the  wires  are  12  inches  apart,  and  is  increased  about 
10  per  cent  when  they  are  put  30  inches  apart.  A  similar  change 
would  be  produced  in  the  reactance  2w/Z.  The  capacity  C  and 
charging  current  i^  are  increased  about  10  per  cent,  if  the  inter- 
axial  distance  is  reduced  to  12  inches ;  and  is  decreased  about  10 
per  cent  when  it  is  raised  to  30  inches.  For  wires  placed  close 
together  in  cables,  the  inductance  and  reactance  would  be  greatly 
reduced,  and  the  capacity  and  charging  current  greatly  augmented, 
so  that  their  values  in  the  table  would  not  be  even  approximately 
true.  In  such  cases,  or  whenever  there  may  be  any  doubt,  the 
general  formulae  for  inductance  and  capacity,  given  on  pages  129 
and  137  respectively,  should  be  used.  The  table  on  page  130 
shows  the  inductance  of  wires  from  No.  .0000  to  No.  12,  and  for 
interaxial  distances  from  3  to  96  inches. 

The  equations  on  page  138  give  results  for  capacity  that  are 
twice  as  great  as  those  found  in  the  above  table,  the  reason  being 
that  each  conductor  is  considered  separately  with  respect  to  zero 
potential^  which  would  ordinarily  exist  at  a  point  midway  between 
two  wires  forming  a  circuit  ;  whereas  the  equations  (p.  138)  give 
the  capacity  with  respect  to  the  other  wircy  which  is  one-half  as 
much.  The  calculated  charging  current  would  be  the  same  in  both 
cases,  because  the  total  voltage  would  be  used  in  one  instance,  and 
the  potential  with  respect  to  zero  is  taken  in  the  table.  The  latter 
plan  is  generally  better.  Other  convenient  tables  issued  by  the 
General  Electric  Company  are  given  below.  They  apply  particu- 
larly to  overhead  circuits  with  wires  18  inches  apart,  and  are  suffi- 
ciently accurate  for  most  practical  purposes,  when  the  distance 
between  wires  is  approximately  that  amount.  If  the  conductors 
are  less  than  18  inches  apart,  the  loss  in  voltage  is  lower  than  that 
given  by  the  formulae,  and  if  they  are  close  together,  as  in  cables 
or  interior  wiring,  the  loss  will  be  only  that  due  to  resistance. 

The  following  general  formulae  may  be  used  to  determine  the 

size  of  copper  conductors,  current  per  conductor,  volts  loss  in  lines, 

and  weight  of  copper  per  circuit  for  various  systems  of  electrical 

distribution. 

^.      1      i.>r.i        B  X   IVx  K 
Area  of  conductor.   Circular  Mils  =       ^       v^ (77) 

^  .  .  ,  Wx   T 

Current  in  mam  conductors  = ^ (78) 
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Volts  loss  in  lines  = 


P  y.  E  x  M 


(79) 
(80) 


100 
ZJa  X   W-x.  K  X  A 
Lbs.  copper  =  ^  ^  £«  x  i;0"00:000 ' 
IV  =  Total  watts  delivered 
D  =  Distance  of  transmission  (one  way)  in  feet. 
P  =  Loss  in  line  in  per  cent  of  power  delivered,  that  is  of  JV. 
E  =  Voltage  between  main  conductors  at  receiving  or  consumer's 
end  of  circuit. 
For  continuous  current  K^  2160,  r=l,  M^  1,  and  ^  =  6.04. 

OONSTAliTS   SOR   EI^EOntZOAZi    OZROXJITB. 


< 

O 
C/3 
fd 

< 
> 

VALUES  OF  K. 

VALUES  OF  T. 

SYSTEM. 

Pbr  Cknt  Power  Factor. 

Per  Cent  Power  Factor. 

100          05 

85 

80 

100 

95 

85 

80 

Single-phase    .    . 
Two-phase  (4  wire) 
Three-phase  (3- wire) 

6.04 

12.08 

9.06 

2160 
1080 
1080 

2400 
1200 
1200 

3000 
1600 
1500 

3380 
1690 
1690 

1.00 
.60 
.68 

1.06 
.63 
.61 

1.17 
.69 
.68 

1.25 
.62 
.72 

VALUES  OF  M.. 

26  CVCLRS. 

60  Cycles. 

125  Cyclbs. 

fl 

Pbr  Cent  Power 
Factor. 

Pbr  Cent  Power        ' 
Factor.                , 

Pbr  Cbnt  Power 
Factor. 

So 

!3 

1 

95 

90 

85 

80 

95 

90 

85 

80 

95 

90 

85 

80 

0000 
000 

1.23 
1.18 

1.29 
1.22 

1.33 
1.24 

1.34 
1.24 

1.62 
1.49 

1.84 
1.66 

1.99 
1.77 

2.09 
1.96 

2.36 
2.08 

2.80 

2.48 

3.24 

2.77 

3.49 
2.94 

0000 
000 

00 
0 

1.14 
1.10 

1.10 
l.ll 

1.16 
1.10 

1.16 
1.09 

1.34 
1.81 

1.62 
1.40 

1.60 
1.46 

1.66 
1.49 

1.86 
1.71 

2.18 
1.96 

2.40 
2.13 

2.67 
2.26. 

00 
0 

1 

2 

1.07 
1.06 

1.07 
1.04 

1.06 
1.02 

1.03 
1.00 

1.24 
1.18 

1.30 
1.23 

1.34 
1.26 

1.36 
1.26 

1.66 
1.46 

1.76 
1.60 

1.88 
1.70 

1.97 
1.77 

1 

2 

8 
4 

1.03 
1.02 

1.02 
1.00 

1.00 
1.00 

1.00 
1.00 

l.U 
1.11 

1.17 
1.12 

1.18 
1.11 

1.17 
1.10 

1.35 
1.27 

1.46 
1.35 

1.63 
1.40 

1.67 
1.43 

3 
4 

6 
6 

1.00 
1.00 

'1.00 
1.00 

1.00 
1.00 

1.00 
1.00 

1.08 
1.06 

1.08 
1.04 

1.06 
1.02 

1.04 
1.00 

1.21 
1.16 

1.27 
1.20 

1.30 
1.21 

1.31 
1.21 

6 

6 

7 
8 

1.00 
1.00 

1.00 
1.00 

1.00 
1.34 

1.00 
1.00 

1.03 
1.02 

1.02 
1.00 

1.00 
1.00 

1.00 
1.00 

1.12 
1.09 

1.14 
1.10 

1.14 
1.09 

1.13 
1.07 

7 
8 

9 
10 

1.00 
1.00 

1.00 
1.00 

1.00 
1.00 

1.00 
1.00 

1.00 
1.00 

1.00 
1.00 

1.00 
1.00 

1.00 
1.00 

1.06 
1.04 

1.06 
1.03 

1.04 

1.00 

1.02 
1.00 

1 

9 

10 
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The  value  of  K  for  any  particular  power  factor  is  obtained  by 
dividing  2160,  the  value  for  continuous  current,  by  the  square  of 
that  power  factor  for  single-phase,  and  by  twice  the  square  of  that 
power  factor  for  three-wire,  three-phase,  or  four-wire,  two-phase. 

The  value  of  M  depends  on  the  size  of  wire,  frequency,  and 
power  factor.  It  is  equal  to  1  for  continuous  current,  and  for 
alternating  current  with  100  per  cent  power  factor  and  sizes  of 
wire  given  in  the  preceding  table  of  wiring  constants. 

The  value  of  T  depends  upon  the  system  and  power  factor.  It 
is  equal  to  1  for  direct  current  and  for  single-phase  current  of  100 
per  cent  power  factor. 

The  value  of  A  and  the  weights  of  wire  in  the  table  are  based 
upon  .00000302  lb.  as  the  weight  of  one  mil  foot  of  copper. 

It  should  be  observed  that  P  stands  for  the  per  cent  loss  of  the 
delivered powery  and  not  the  per  cent  loss  of  the  power  at  the  gen- 
erator ;  and  that  E  is  the  potential  at  the  end  of  the  line,  and  not 
at  the  generator. 

When  the  power  factor  cannot  be  more  accurately  determined, 
it  may  be  assumed  to  be  as  follows  for  any  alternating  current  sys- 
tem operating  under  average  conditions  :  Lighting  with  no  motors, 
95  per  cent ;  lighting  and  motors  together,  85  per  cent ;  motors 
alone,  80  per  cent.  The  size  of  wire  in  (77)  is  for  each  of  the  main 
or  outside  conductors  of  a  given  system,  for  example,  the  three 
wires  of  a  three-phase,  the  four  wires  of  a  two-phase,  or  the  main 
two  wires  of  a  monocyclic  system.  The  neutral  wire  in  the  three- 
wire  system  for  direct  (p.  72)  or  alternating  currents  (p.  192)  may 
in  the  case  of  feeders  be  made  one-half  or  one-third  size,  or  omitted 
entirely  (p.  76),  depending  upon  how  well  the  system  may  be  bal- 
anced. For  local  or  secondary  circuits  it  should  generally  be  the 
same  size  as  each  of  the  main  wires.  These  statements  also  apply 
to  the  middle  wire  of  the  four-wire,  three-phase  arrangement  (Fig. 
166).  The  size  of  the  auxiliary  conductor  in  the  monocyclic  sys- 
tem should  be  in  the  same  proportion  to  either  main  wire  as  the 
motor  load  in  amperes  is  to  the  total  load  in  amperes. 

A  simple  method  of  calculating  the  drop  and  other  data  of 
alternating  current  circuits  is  represented  in  Fig.  181,  being 
derived  from  the  little  book  on  Alternating  Current  Wiring  and 
Distribution,  by  W.  L.  R.  Emmet.  Assume  a  case  where  500 
incandescent  lamps,  of  57.5  watts  each,  are  to  be  fed  from  the  sec- 
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ondaries  of  transformers  of  different  sizes,  being  half  loaded  on  the 
average.  The  primaries  are  supplied  by  two  No.  2  wires  from  the 
generator  two  miles  distant,  the  wires  being  18  inches  apart,  and 
the  frequency  of  125  periods  per  second.  The  voltage  of  the 
lamps  is  100,  and  the  ratio  of  transformation  is  10.  In  Fig.  181 
the  horizontal  lines  represent  energy  components,  and  the  vertical 
lines  inductive  components  of  E.M.F.  For  the  sake  of  uniformity 
the  lamp  voltage  is  multiplied  by  10,  the  ratio  of  transformation 
making  1000  volts,  which  is  represented  by  the  horizontal  line  ABy 
since  incandescent  lamps  are  practically  non-inductive.  Assuming 
the  secondary  wiring  to  have  an  energy  loss  of  3  per  cent,  BC  is 
laid  off  as  30  volts,  and  an  inductance  component  CD,  of  the  same 
amount.  (Both  of  these  are  rather  high  values.)  Take  the  resist- 
ance in  the  transformers  at  1  per  cent,  and  the  inductance  loss  at 
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/ 
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/  I  1 


> 


"^  n  c 

Fig.  181.    QrapMoal  Caioy lotion  of  Attornating  Current  Ofroult 

one-half  load  as  12.5  per  cent  of  AD,  or  about  13  per  cent.  Hence 
we  lay  off  DF  =  10  volts  to  represent  resistance,  and  FG  =  130 
volts  to  represent  inductive  loss  in  the  transformers.  If  there  were 
no  losses  in  the  transformers,  the  current  received  by  them  would 
be  28.75  amperes,  but  with  5  per  cent  iron  loss  at  half-load  this 
becomes  30.19  amperes.  The  resistance  of  four  miles  of  No.  2 
wire  from  the  table  on  page  8  is  .156  X  5.28  x  4  =  3.3  ohms, 
and  the  reactance  at  125  cycles  is  .249  X  5.28  X  4  =  5.25  ohms. 
To  this  we  add  15  per  cent  for  distortion  of  current  waves,  making 
6.04  ohms.  The  resistance  drop  is  30.19  X  .33  =  99  volts,  and 
the  reactance  drop  is  30.19  x  6.04  =  1.82  volts,  which  are  laid  off 
as  (7/f  and  HK.  Hence  the  line  ^^  represents  the  E.M.F.  re- 
quired at  the  generator  terminals,  being  1188  volts.  Extending 
KH\o  /,  we  have  4/ the  total  energy  component  of  1139  volts, 
therefore  the  real  power  in  the  circuit  is  11.39  x  30.19  =  34,300 
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watts,  while  the  volt-amperes  at  the  generator  are  3»5,800,  so  that 
an  alternator  of  36  k.w.  capacity  will  be  required  ;  but  the  power  to 
drive  it,  assuming  its  efficiency  at  90  per  cent,  will  be  34.3  -^ 
.90  =  38  k.w.,  or  51  h.p.  The  generator  should  be  overcom- 
pounded  about  19  per  cent  to  be  self-regulating. 

Arithmetical  Determination The  same  result  that  has  been 

obtained  graphically  may  be  found  arithmetically,  as  follows : 

KXEROY  IXDlTTANrE     CURRENT  IN 

C«»Mi»oNENT    Component       Amperes. 
IN  Voi.TB.        IN  Volts. 

Lamps  brought  to  basis  of  lfK)0  voUs     .     .     !         ICXX)  28.75 

Secondary  wiring  with  3  per  cent  resistance 

and  3  per  cent  inductance  loss 30  /W 

1030  30 

Transformer  resistance  loss  of  1  per  cent  .     .  10 

»*            inductance  loss  of  12.5  per  cent 
of  volts  at  secondary  terminals  ....  IJiO 

Primary  current  increased  5  per  cent  by  core 
loss  at  half-load 1.44 

Line  current 30.19 

Line  resistance  loss  3.3  X  30.10 09 

"    inductance  loss  (5.04  X  80.19      ...     .  182 

1130  342 

Taking  the  square  root  of  the  sum  of  the  squares  of  1139  and 
342,  we  find  1188  volts  to  be  the  E.M.F,  pressure  at  the  generator 
terminals,  being  the  same  as  obtained  by  measurement  in  Fig.  181. 
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CHAPTER   XIL 

OVERHBAB   CONDUCTORS. 

The  term  overhead  conductors  is  applied  to  aerial  electrical 
wires  or  cables  carried  on  poles  or  upon  brackets  or  other  supports 
attached  to  buildings.  The  same  general  construction  is  used  for 
telegraph  and  telephone,  as  well  as  for  electric  light  and  power 
lines ;  but  the  parts  are  usually  heavier,  and  the  insulation  higher, 
in  the  case  of  the  two  latter,  because  of  the  larger  size  of  the 
conductors  and  the  more  powerful  character  of  the  currents. 

Materials  for  Overhead  Conductors. —  For  electric  light  and 
power  purposes  copper  is  generally  employed,  and  has  now  largely 
supplanted  iron  wire  even  for  telegraph  and  telephone  lines.  The 
fact  that  hard-drawn  copper  has  a  tensile  strength  of  60,000  to 
70,000  lbs.  per  square  inch,  compared  with  25,000  to  35,000  for 
soft  or  annealed  copper,  makes  it  especially  suitable  for  overhead 
construction.  On  the  other  hand,  the  specific  resistance  of  hard 
copper  is  from  2  to  4  per  cent  greater,  and  it  is  much  more  brittle, 
so  that  it  is  not  used  for  underground  conductors  or  interior  wiring 
where  its  greater  tensile  strength  is  not  of  much  advantage.  The 
fact  that  it  is  far  less  flexible  makes  it  awkward  to  handle ;  conse- 
quently, hard  copper  is  not  convenient  even  for  overhead  con- 
ductors when  they  are  of  large  size,  or  are  covered  with  insulation. 
The  resistances,  weights,  and  other  data  of  copper  wires  are  given 
on  pages  8  and  15,  and  in  Chapter  ^I.    ^ 

Aluminum  has  a  specific  resistance  about  .6  that  of  copper, 
both  being  of  pure  commercial  quality,  therefore  the  sectional  area 
of  equivalent  conductors  would  be  about  1.67  times  and  the 
diameter  1.3  times  greater  for  aluminum.  The  specific  gpravity 
of  aluminum  is  about  2.7,  and  of  copper  8.89  (page  8),  so  that  an 
equal  volume  of  the  latter  weighs  3.3  times  as  much.  A  copper 
wire  would  be(3,3-«-1.67  =  2)  about  twice  as  heavy  as  an  alumi- 
num wire  of  the  same  length  and   resistance.     This  is  a  great 
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advantage  for  overhead  conductors,  since  it  reduces  the  weight  on 
jpoles,  cross-arms,  insulators,  etc.,  by  one-half. 

The  tensile  strength  of  aluminum  wires  is  about  20,000  to 
30,000  lbs.  per  square  inch ;  but  the  addition  of  a  small  percentage 
of  copper  increases  this  considerably,  and  alloyed  with  2^  per  cent 
of  copper  it  becomes  nearly  40,000  lbs.  per  square  inch.  On  the 
other  hand,  the  resistance  is  increased  about  20  per  cent,  so  that 
the  advantage  is  doubtful.  Furthermore,  it  has  been  found  in 
practice  that  wires  made  of  these  alloys  are  likely  to  break,  even 
when  the  tests  of  a  sample  show  an  ample  tensile  strength.  This 
is  due  to  the  difficulty  of  making  perfect  alloys  of  aluminum, 
because  the  light  metal  does  not  readily  form  a  thorough  and 
homogeneous  mixture  with  the  copper,  which  has  a  density  3.3 
times  greater.  The  result  is  that  flaws  seem  to  exist  at  certain 
points  on  the  wire,  and  a  break  may  occur  without  excessive  strain. 
In  a  case  cited  by  Mr.  P.  N.  Nunn  *  an  average  of  one  break  per 
span  occurred  on  a  long  transmission  line  composed  of  aluminum 
alloy. 

The  following  data  for  commercially  pure  aluminum  wire  are 
taken  from  the  paper  itself,  and  agree  closely  with  those  already 
given : 


Diameter  of  aluminum  wire      .     .     . 

Wt.  per  mile 

Resistance  per  mil  foot 

Resistance  per  mile  at  25°  C.    .     .     . 
Conductivity  compared  with  copper 

Tensile  strength  of  wire 

No.  of  twists  in  six  inches  for  fracture 
Tensile  strength  per  square  inch  .     . 


.  293.9  mils. 
.  419.4  lbs. 

.     17.6  ohms  at  25*>  C. 
.       1.00778  ohms. 
.     59.09&  by  dimension. 
1649  lbs. 
.     17.9. 
3281)8. 


Comparing  this  with  copper,  it  is  seen  that  this  wire  is  approx- 
imately the  same  as  copper  in  the  following  sizes :  — 

Size  of  aluminum  wire  =  No.  1  B.  &  S.  copper. 
Resistance  of      "      "    =  No.  3      «  " 

Tensile  strength  «      «    =  No.  6       "  " 

Weight  of  «      «    =  No.  6       " 

Therefore  on  the  basis  of  the  same  conductivity  the  aluminum 
compares  with  copper  as  follows  :  — 

*  Discussion  of  a  paper  "  On  the  Use  of  Aluminimi  Line  Wire,"  by  Perrine  and 
Baum,  Trans.  Amer.  Inst.  Elec.  Eng.  May,  1900. 
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Diameter  for  the  same  conductivity  1.27  times  copper. 
Area  "      "      «  "  1.64      " 

Tensile  strength     "  "  .629    "  *« 

Weight  "  *»  .601     "  " 

The  number  of  twists  necessary  for  fracture  varies  considerably, 
although  the  ductility  test  of  wrapping  six  times  around  its  own 
diameter,  unwrapping  and  wrapping  again,  is  well  sustained.  This 
irregularity  in  the  twisting-test  is  generally  a  mark  of  impurity  in 
wire ;  but  we  know  so  little  as  yet  of  the  exact  characteristics  of 
aluminum  in  particular,  and  the  twisting-test  is  in  general  so 
unreliable,  that  it  is  unsafe  to  base  any  exact  statement  on  this  one 
test,  particularly  as  the  wire  after  erection  proved  reliable.  In 
carefully  performing  the  test  for  tensile  strength,  no  exact  point 
could  be  assigned  for  the  elastic  limit,  as  the  metal  seemed  to  take 
a  permanent  set  almost  from  the  first ;  but  at  a  stress  of  from 
14,500  lbs.  to  17,000  lbs.  per  square  inch,  there  is  a  marked  increase 
in  the  permanent  set  which  indicates  that  the  safe  working-load  lies 
somewhere  in  this  region.  In  this  the  characteristics  of  alumi- 
num do  not  differ  materially  from  those  of  copper  or  other  similar 
metals;  and  while  this  is  a  disadvantage,  it  is  not  a  singularity. 

The  fact  that  the  wire  will  permanently  elongate  if  seriously 
strained  makes  it  necessary  to  use  the  utmost  care  in  the  erection 
of  lines,  and  also  the  known  high  coefficient  of  expansion  with  tem- 
perature changes  taken  in  conjunction  with  this  property  renders 
care  in  line-stringing  especially  important  and  difficult.  The 
greatest  care  must  be  taken  against  kinking  or  scarring  the  wire ; 
wherever  the  wire  is  accidentally  kinked  or  scarred,  it  must  be  cut 
and  spliced. 

One  of  the  most  serious  problems  in  connection  with  the  use 
of  aluminum  is  in  the  choice  of  a  proper  joint.  This  metal  is  so 
highly  electro-positive  that  it  is  unsafe  to  expose  it  to  the  elements 
in  contact  with  any  other  material,  as  electrolytic  corrosion  is 
almost  sure  to  follow  such  construction.  Many  of  the  failures 
which  have  been  reported  of  this  metal  have  been  due  to  a  neglect 
of  this  fact.  Whenever  this  metal  is  soldered,  or  used  in  contact 
with  any  other  metal,  the  joint  should  be  thoroughly  waterproofed 
to  prevent  such  action.  Without  such  protection  the  joints  may 
be  made  by  slipping  the  ends  of  the  wire  into  an  oval  aluminum 
tube  about  nine  inches  long,  which  is  then  twisted  about  two  and 
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a  half  turns,  with  a  pair  of  clamps  similar  to  those  employed  in 
twisting  the  Mclntire  connector.  The  joint  produced  is  practically 
equal  to  the  original  wire  in  both  tensile  strength  and  electrical 
conductivity. 

Tests  made  at  the  Columbia  University  showed  the  fusing 
points  of  pure  aluminum  wires  suspended  horizontally  in  the  open 
air  to  be  180  amperes  for  No.  8,  135  amperes  for  No.  10,  and 
60  amperes  for  No.  14  A,  W.  G.  For  aluminum  alloyed  with 
1  per  cent  copper,  the  fusing-points  were  163  amperes  for  No.  8, 
and   54   amperes  for  No.  14  wire. 

The  use  of  aluminum  as  an  .  electrical  conductor  may  be 
summed  up  as  follows:  It  is  especially  advantageous  for  bare 
overhead  lines,  because  it  weighs  only  one-half  as  much  as  copper 
for  the  same  resistance  and  length,  thus  reducing  to  one-half  the 
weight  to  be  carried  by  insulators,  cross-arms,  and  poles.  Its  ten- 
sile strength  is  about  one-half  as  great  as  that  of  copper ;  but  its 
specific  gravity  is  less  than  one-third  (.3)  as  much,  so  that  it  has 
an  advantage  in  this  respect  also.  On  the  other  hand,  its  diameter 
is  1.3  times  that  of  an  equivalent  copper  wire,  so  that  it  exposes  cor- 
respondingly greater  surface  to  wind  surface  and  to  the  accumulation 
of  ice.  The  electrostatic  capacity  of  an  aluminum  line  is  higher  than 
for  copper  of  the  same  resistance  and  length  on  account  of  its  greater 
diameter,  as  is  evident  from  the  formulae  on  pages  137  and  138. 
But  the  capacity  being  a  logarithmic  function  of  the  diameter 
would  not  be  much  augmented  by  increasing  the  latter  by  30  per 
cent.  For  example,  the  diameter  of  No,  1  wire  is  42  per  cent 
greater  than  that  of  No.  4  wire ;  but  the  capacity  of  a  circuit  com- 
posed  of  two  of  the  former,  placed  18  inches  apart,  is  only  7^^  per 
cent  greater  than  if  the  latter  were  used.  For  overhead  lines  the 
electrostatic  capacity  of  an  aluminum  conductor  would  not  be  more 
than  about  5  per  cent  higher  than  that  of  an  equivalent  copper 
wire.  Moreover,  capacity  does  not  play  an  important  part  except 
in  very  long  transmission  lines. 

Aluminum  is  also  a  very  suitable  material  for  'bus  bars  or  other 
conductors  that  do  not  require  to  be  covered  with  insulation  ;  or  in 
other  words,  bare  conductors  that  are  carried  upon  insulating  sufh 
ports,  which  applies  to  overhead  lines  as  well.  In  such  cases  the 
fact  that  aluminum  would  have  about  30  per  cent  more  surface  is 
an  advantage  in  dissipating  heat. 
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On  the  other  hand,  if  aluminum  conductors  are  to  be  covered 
with  insulating  material,  as  in  the  case  of  ordinary  wiring  in  build- 
ings, or  especially  with  underground  and  submarine  cables,  then 
the  fact  that  30  per  cent  greater  diameter  and  circumference  are 
required  is  a  disadvantage,  since  it  increases  the  cost  of  insulation 
in  about  the  same  proportion.  The  lead  covering  or  iron  armor  of 
cables  would  also  be  correspondingly  augmented  in  weight  and 
cost,  and  the  space  occupied  would  be  greater  to  the  extent  of 
about  67  per  cent  in  cross-section. 

Sa^  and  Stress  in  Overhead  Conductors.  —  A  wire  suspended 
freely  between  two  supports  hangs  in  a  curve  called  a  catenary. 
The  exact  determination  of  the  sag  and  other  facts  is  somewhat 
difficult ;  but  for  electrical  lines^  in  which  the  sag  is  usually  small 
compared  with  the  span,  very  closely  approximate  results  may  be 
obtained    by   assuming   the 

curve  to  be  a  parabola.     A     A c_ B 

wire  stretched  between  the  '"■"'' g     . — -"""'^ 

points  A  B  may  be  repre-  „    ^„„    „     A    ^  ^  -., 

^  -^  ^  Fig,  182»    Sag  of  Oifrhtad  Wires. 

sented  by  the  parabolic  curve 

A  E  B,  The  horizontal  distance  A  C  B  \%  called  the  span  H  in 
feet,  the  vertical  distance  D  is  the  deflection  or  sag  of  the  lowest 
point  in  feet,  L  is  the  actual  length  of  the  wire  measured  along  the 
curve ;  T  is  the  tension  in  pounds  in  the  wire  at  its  lowest  point, 
and  W\^  the  weight  of  the  wire  in  pounds  per  foot.  We  have  the 
following  approximate  relations :  — 

-  =  ^.  (SI) 

Z  =  ^  +  |J..  (83) 

With  a  given  span  //"the  tension  T'is  a  minimum  when  the 
•sag  D  is  one-third  of  H,  In  practice,  the  sag  is  made  much  less 
than  this,  being  usually  one  to  two  per  cent  of  the  span,  in  order  to 
avoid  the  strains  and  chances  of  making  contact  with  other  wires 
due  to  excessive  swinging. 

Expansion  and  contraction  by  changes  of  temperature  produce 
considerable  effect  upon  the  sag  and  tension  of  overhead  wires. 
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For  this  reason  a  greater  sag  should  be  allowed  for  wires  laid  in 
warm  weather,  in  order  to  allow  for  the  contraction  in  winter. 
The  actual  length  Z,  of  a  copper  wire  at  a  given  temperature  /  in 
centigrade  degrees  compared  with  its  length  at  20°  C,  is  given  by 
the  following  expression  :  — 

L,  =  Z^  [1  H-  .000017  (/  -  20)]  (84) 

The  sag  with  the  increased  or  decreased  length  may  be  found 
by  solving  (83)  for  Z>,  which  gives : 


D  =  \I^-^(^L,-H) 


(86) 


The  following  table  may  also  be  used  for  determining  the  vari- 
ations in  sag,  due  to  temperature  changes.  The  sag  in  inches  is 
given  for  every  10°  between  30°  and  100°  F.,  being  the  limits 
between  which  lines  are  likely  to  be  laid. 


TEMPEHATUBE    JCyFaUTa   IN   BPAJfB. 


Spans  in 
Fket. 

Tbmpbraturb  in  Dbgrbbs  Fahrbnhbit. 

-lOo 

W 

40^ 

50O 

60°   70° 

80° 

90° 

100° 

Dbplbctions  in  Inchbs. 

60 

.6 

6 

8 

9 

9 

10 

11 

11 

12 

60 

.7 

8 

10 

11 

11 

12 

13 

13 

14 

70 

1. 

10 

11 

12 

13 

14 

16 

15 

17 

80 

1.2 

11 

13 

14 

16 

16 

17 

18 

19 

90 

1.6 

13 

14 

16 

17 

18 

19 

20 

21 

100 

1.9 

14 

10 

17 

19 

20 

21 

23 

24 

110 

2.3 

16 

18 

19 

21 

22 

24 

26 

26 

120 

2.8 

17 

10 

21 

22 

24 

26 

27 

28 

140 

3.7 

20 

23 

25 

27 

28 

30 

32 

33 

100 

4.9 

23 

26 

28 

30 

32 

34 

36 

38 

180 

0.2 

26 

29 

32 

34 

37 

39 

41 

43 

200 

7.7 

31 

33 

36 

38 

41 

43 

46 

48 

Hard-drawn  copper  wire,  00,000  pounds  strength  per  square  inch. 
Stress  at  —  10°  F.,  90,000  pounds  per  square  inch. 

At  — 10°  F.  the  sag  is  reduced,  by  the  contraction,  to  the  very 
small  values  shown  in  the  table;  and  the  tension  in  the  wire  is 
raised  to  30,000  lbs.  per  square  inch,  which  is  rather  too  near  the 
breaking    stress,    assumed    to    be    60,000   lbs.    per   square   inch. 
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Hence  it  appears  that  the  sag  of  about  1.7  per  cent  at  70°  F.^ 
upon  which  the  table  is  based,  gives  excessive  tension  if  an  over- 
head line,  even  of  hard-drawn  copper,  is  exposed  to  temperatures 
of  —10°  F.  or  less. 

The  stretch  which  occurs  in  wires  considerably  modifies  the 
results  obtained  by  calculations,  using  the  ordinary  formulae.  This 
is  particularly  true  of  soft-drawn  copper  and  aluminum,  which  show 
some  permanent  elongation  with  any  considerable  tension  applied 
to  them,  and  do  not  seem  to  have  a  definite  elastic  limit,  like  steel. 

Poles.  —  In  most  cases  wooden  poles  are  employed  to  support 
overhead  electrical  conductors.  But  in  some  countries,  notably  in 
India,  iron  poles  are  used  almost  exclusively  for  telegraph  and  other 
electrical  lines,  because  wood  is  rapidly  destroyed  by  white  ants. 
This  is  true  of  most  other  tropical  regions.  The  form  of  iron 
pole  generally  adopted  is  hollow  and  tapering,  being  similar  in  its 
general  size  and  proportions  to  the  natural  wooden  pole,  but  some- 
what smaller  in  diameter  compared  with  length.  It  consists  of 
sheet  iron  riveted  together,  and  may  be  made  in  convenient 
lengths,  the  ends  of  which  are  fitted  into  each  other.  These  set 
into  a  cast-iron  base  or  sole  plate,  which  is  buried  in  the  ground. 
In  order  to  protect  the  iron,  it  should  be  galvanized  inside  and  out, 
and  should  also  be  treated  with  some  resinous  material  inside  and 
outside,  as  far  as  it  is  buried  in  the  earth.  The  insulators  are 
carried  on  iron  brackets,  which  are  bolted  to  the  pole,  making  a 
very  strong  and  neat  construction.  In  this  country  iron  poles  are 
made  of  sections  of  wrought  iron  pipe,  with  the  joints  either 
"  swaged "  or  rusted.  Sometimes  for  use  as  anchor  poles,  iron 
lattice  construction  is  used. 

Iron  bases  or  sockets  are  often  employed  with  wooden  poles, 
enabling  the  latter  to  be  made  smaller  in  diameter  and  straighten 
This  also  overcomes  the  objection  to  iron  poles,  due  to  the  fact 
that  they  offer  a  ground  connection  to  the  wires  or  to  the  work- 
men, which  in  the  case  of  the  latter  is  very  dangerous  with  high 
voltages. 

Wooden  Poles. —  Chestnut  is  a  very  good  material  for  this  pur- 
pose, especially  sawed  or  hewn  for  smaller  poles.  For  large  poles, 
pine  is  suitable  on  account  of  size  and  straightness ;  but  pine,  partic- 
ularly southern  pine  and  spruce,  are  not  as  durable  as  chestnut  or 
cedar.     The  latter  has  long  life,  but  is  rather  too  crooked  and 
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knotty  for  first-class  work,  where  appearance  is  important.     In 
California  sawed  redwood  is  recommended. 

Preservation  of  Timber.  —  Wooden  poles  for  electrical  lines  or 
other  exposed  timber  is  liable  to  be  destroyed  more  or  less  rapidly 
by  decay,  or  by  the  ravages  of  various  small  forms  of  animal  life. 
The  chief  cause  of  decay  is  the  fermentation  of  the  sap.  When 
located  continually  under  water,  wood  is  hardly  affected  by  decay, 
but  may  be  attacked  by  the  teredo  navalisy  or  other  animal  ene- 
mies. But  when  alternately  dried  and  wet,  or  when  buried  in  the 
earth,  it  is  especially  liable  to  decay.  To  prevent  it  various  things 
have  been  tried. 

1.  Kyanizing  consists  in  soaking  in  a  solution  of  about  three 
per  cent  corrosive  sublimate  (Hg  Clj). 

2.  Burnettizing  consists  in  impregnating  timber  with  a  1  to 
3  per  cent  solution  of  zinc  chloride  (Zn  CIJ,  formerly  by  soaking, 
but  now  by  forcing  solution  into  the  pores  under  pressure.  Oak 
absorbs  about  10  and  pine  about  20  per  cent  of  its  volume. 

The  trouble  with  the  above  processes  is  the  dissolving  out  of 
the  antiseptic  salt,  and  various  means  have  been  devised  to  prevent 
it,  such  as  the  Thilmany  process,  in  which  zinc  or  copper  sulphate 
solution  was  first  forced  into  the  pores  and  then  barium  chloride 
solution  to  form  insoluble  barium  sulphate  (Zn  SO^  H-  Ba  CI,  = 
Zn  CI,  H-  Ba  SO^).  The  Wellhouse  process  employed  glue  and 
tannin,  and  the  Hagen  process  used  gypsum  to  retain  the  salt  in 
the  wood. 

3.  Creosoting  consists  in  placing  the  timber  separated  by  laths 
on  cars  which  are  run  into  a  large  cylinder  closed  by  heavy  iron 
doors.  Live  steam  at  226°  to  250°  F.  is  turned  on  until  the  tim- 
ber is  heated  through,  and  the  albumen  of  the  sap  coagulated. 
A  vacuum  is  then  formed  to  extract  the  sap,  and  finally  the  cylin- 
der is  pumped  full  of  dead  oil  of  coal-tar,  a  measured  quantity 
being  introduced  under  a  pressure  of  about  100  lbs.  per  square 
inch.  The  amount  of  oil  is  generally  from  10  to  20  lbs.  per  cubic 
foot  of  timber,  the  oil  weighing  8.8  lbs.  per  gallon.  Besides  pos- 
sessing antiseptic  qualities,  the  oil  is  insoluble  in  water,  and  is  not 
washed  out  or  displaced  by  it.  The  oil  usually  only  penetrates  a 
little  below  the  surface,  hence  this  skin  should  not  be  removed 
by  subsequent  work  upon  the  timber. 

Creosoted  telegraph  poles  in  England  showed  no  sign  of  decay 
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after  35  years.*  In  this  country  creosoted  railway  ties  last  about 
20  years  on  the  average.  Ciresoting  also  protects  timber  from  the 
attacks  of  the  teredo  navalis  and  the  lintnoria  terebrans. 

4.  Carbolining  consists  in  treating  timber  at  a  temperature  of 
250°  F.  with  an  oil  called  carbolineum  avenarius  (invented  by 
Captain  Avenarius). 

5.  Vulcanizing  is  accomplished  by  heating  timber  in  closed 
cylinders  from  8  to  12  hours  at  300°  to  500°  F.,  and  under 
a  pressure  of  150  to  200  lbs.  per  square  inch.  A  circulation  of 
heated  and  dried  compressed  air  removes  moisture  and  any  water 
that  does  not  take  part  in  the  chemical  reaction,  and  combine  with 
the  woody  constituents.  This  process  changes  the  character  of 
the  sap  so  that  it  does  not  ferment,  and  seals  up  the  pores.  Tests 
at  Columbia  University  showed  an  average  increase  in  strength  of 
18.9  per  cent,  in  addition  to  preservative  effect. 

6.  Applying  pitch  or  tar  to  the  butt  of  a  pole  may  do  more 
harm  than  good,  as  it  confines  the  sap,  hastening  fermentation  and 
decay.  But,  after  the  pole  has  been  standing  two  or  three  years, 
it  might  be  treated  in  this  way,  by  digging  around  it. 


Flgz,  183  and  184. 


Poles  are  35  to  60  feet  long,  but  are  sometimes  100  feet  or 
even  longer.  Those  of  50  feet  or  more  are  usually  set  about 
one-tenth  of  their  length  in  the  ground,  but  for  shorter  poles  or  in 
soft  earth  they  are  sometimes  buried  to  the  extent  of  one-eighth  or 
one-sixth  of  their  total  length.     In  soft  ground  they  should  be 

«  N.  W.  L.  Brown  in  E/fc.  f^aihvay  Gazette,  October  10,  1895. 
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surrounded  with  a  grouting  of  Portland  cement,  sand,  and  broken 
stone,  tamped  around  the  bottom  of  the  pole,  or  the  butt  of  the 
pole  may  be  set  in  a  barrel  filled  with  sand  or  firm  earth.  The 
standard  practice  is  to  put  from  40  to  50  poles  per  mile,  making 
spans  from  132  to  106  feet  each.     About  every  tenth  pole  should 


F/g«.  795  and  186. 


be  guyed  laterally,  to  prevent  wind  pressure  from  overthrowing 
them.  This  is  quite  likely  to  happen  ;  and  if  one  pole  falls  it  is 
likely  to  drag  down  the  next  one,  and  so  on  for  a  long  distance, 
unless  they  are  supported  by  side  guys  at  reasonably  frequent 
intervals.     The  guys  usually  consist  of  several  strands  of  No.  6  or 


I 


^ 


I 

Figa.  187  and  188.    Arrangement  of  Quya  for  Turning  a  Corner. 

8  iron  or  steel  wire,  which  is  more  easily  handled  than  the  larger 
wire  or  rods  that  are  sometimes  used.  They  may  be  made  simple, 
as  in  Fig.  183,  or  for  high  poles  they  have  the  Y  form  (Fig.  184). 
Fig.  185  shows  wire  guy  and  pole  brace.  When  a  pole  is  to  be 
made  very  secure  it  is  guyed  in  two  directions,  or  double  guyed. 
This  adds  greatly  to  the  stability  of  the  pole.     See  Fig.  186. 
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On  curves  or  at  corners  the  guys  should  be  more  frequent 
and  stronger,  being  placed  on  the  outer  side  of  the  curve. 
Methods  of  guying  suitable  for  lines  that  turn  a  right  angle  at 
street  corners  are  shown  in  Figs.  187  and  188.  In  such  cases,  or 
where  lines  come  to  an  end,  as  in  front  of  an  electric  light  station, 


Fig.  189.    Buying  of  TBrmtnal  or  Corner  Pol: 

the  last  two  or  three  poles  should  be  stronger  and  more  firmly  set 
than  the  others,  and  may  be  guyed  as  indicated  in  Fig.  189.  It 
is  also  well  if  the  last  one  or  two  spans,  A  B  and  B  C,  are  left 
somewhat  more  slack  than  usual,  in  order  not  to  bring  too  much 
strain  on  the  terminal  pole. 

Cross-Arms  are  of  yellow  pine  or  oak,  being  usually  about  3i  X  4i, 
or  33  X  4^  inches  for  smaller  sizes,  and  as  much  as  4f  X  5|  inches 
for  the  Niagara  transmission  line.     A  cross-arm  about  3  feet  long 
is  used  for  two  insulators,  about  6  or  6  feet  for  4  insulators,  and  so 
on.     The  spacing  of  the  pins  is  about  4  to  6  inches  from  the  ends, 
24  to  30  inches  in  the  middle,  and 
12  to   18   inches    for   the  rest,  de- 
pending upon  the  size  of  insulators 
and  other  conditions. 

The  "gains"  or  flat  spots  on 
which  the  cross-arms  are  placed 
should  be  cut  in  the  pole  before  it 
is    set    up.      Ordinarily    these    are 

placed    about     24    inches,    center    to  ^,^    ,^     Bracing  a  Cro..-Arm. 

center.     The  cross-arms  should  be 

fastened  to  the  pole  by  two  bolts  or  lag  screws,  placed  diagonally 
in  order  not  to  split  the  wood,  and  are  braced  by  two  iron  strap 
braces  also  attached  by  bolts  or  lag  screws,  as  represented  in 
Fig.  190.  The  cross-arms  should  be  put  alternately  on  opposite 
sides  of  the  poles  so  that  they  cannot  be  pulled  off  successively. 
Guard  Wires.  —  Where  one  set  of  overhead  electrical  wires  pass 
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under  another  set,  the  former  should  be  protected  by  guard  wires. 
An  arrangement  of  this  kind  is  represented  in  Fig.  191,  ^i?C  being 
the  galvanized  iron  or  steel  guard  wires  attached  directly  without 
insulation  to  a  cross-arm  or  to  the  top  of  the  pole.  These  guard 
wires  serve  to  prevent  any  wire  that  may  fall  from  coming  in  con- 
tact with  the  electrical  conductors  carried  on  the  insulators  DE, 

Guard  Hooks.  —  A  hook  of  stout  iron  wire  or  a  hoop,  as  indicated 
in  Fig.  192,  is  often  attached  to  the  cross-arm  to  catch  an  overhead 
conductor,  and  prevent  it  from  falling  in  case  the  insulator,  insula- 
tor pin,  or  tie-wire  should  happen. to  break.  They  are  required 
especially  on  the  inside  of  curves  or  angles  in  the  line. 

In  this  connection  it  may  be  stated  that  electric  light  or  other 
conductors  carrying  high  voltage  or  heavy  current  should,  if  pos- 
sible, be  put  over  telegraph  and  telephone  wires,  because  the  latter 
are  more  likely  to  fall,  not  being  so  well  laid  or  so  carefully  watched^ 


£L  a      I    a  g> 


^c@ 


Fig.  101.    Guard  Wires.  Fig.  192.    Guard  Hoo/ta. 

and  being  more  numerous.  Another  reason  for  this  is  the  risk  of 
requiring  telegraph  and  telephone  linemen  to  pass  up  through  the 
more  dangerous  wires  with  which  they  ma)r  not  be  familiar ;  whereas^ 
electric  light  linemen  would  not  be  injured  by  telegraph  or  tele- 
phone wires. 

Insulators.  —  The  problem  of  supporting  overhead  wires  is  some- 
what difficult,  since  those  materials  having  sufficiently  high  insulat- 
ing qualities  are  not  very  strong  mechanically.  Glass  and  porcelain 
are  employed  almost  universally  for  the  purpose,  but  neither  is 
possessed  of  the  great  strength  that  is  very  desirable  in  order  to 
enable  the  insulators  to  stand  the  heavy  stresses  to  which  they  are 
subjected.  Other  materials,  such  as  hard  rubber  and  various  com- 
positions of  vegetable  or  mineral  matter,  have  been  tried ;  but  they 
are  rarely  used  except  that  the  latter  are  commonly  employed  to 
support  overhead  trolley  wires. 
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fig.  10$,  **Deep  Qrooo; 
Double  Petticoat ";  Screw- 
glaaa  Insulator. 


The  advantages  of  porcelain  over  glass  are  that  it  is  less  brittle 
and  generally  stronger  than  glass,  and  it  is  less  hygroscopic.     On 
the  other  hand,  glass  is  cheaper  than  porcelain,  and  the  fact  that  it 
is  transparent  enables  an  internal  defect  to  be 
detected   more    readily.       It   also   makes   the 
cavities  in  the  insulator  less  likely  to  invite  the 
building  of  nests  by  insects.     Another  differ- 
ence,   which   is   much    more   serious   than   it 
sounds,  is  the  fact  that  white  porcelain  insu- 
lators more  often  attract  the  eye  of  a  boy  or 
hunter,  and  frequently  are  made  to  serve  as 
targets  for  stones  or  bullets. 

Glass  or  porcelain  insulators  for  electric 
light  and  power  lines  have  been  developed 
directly  from  those  that  are  employed  for  tele- 
graph and  telephone  service.  In  fact,  there  is  no  substantial  dif- 
ference, the  only  modifications  being  an  increase  in  size  and 
strength  to  suit  the  heavier  conductors,  and 
improvement  in  insulation  by  lengthening  the 
path  for  leakage  of  current,  secured  by  adopt- 
ing the  double  and  triple  in  place  of  the 
single  petticoat  form. 

Types  of  Insulators.  —  The  deep  grooved 
double  petticoat  pattern  of  screw-glass  in- 
sulator is  the  ordinary  standard,  being  used 
with  insulated  wires  for  lines  of  2000  volts. 
This  type  is  shown  in  Fig.  193.  For  higher 
potentials  the  use  of  porcelain  or  special 
forms  of  glass  begins. 

The  present  increasing  employment  of 
high  voltages,  and  the  tendency  (o  raise  the 
voltage  still  higher,  has  brought  into  use  new 
form  of  insulators. 

The  oil  insulator,  shown  in  Fig.  194,  is 

mounted  upon  an  iron  pin,  and  provided  with 

a  recess  that  is  filled  with  an  insulating  oil. 

There  is  a  "built-up'*  type  of  porcelain  insulator,  being  made 

in  parts  as  is  shown  in  Fig.  195,  and  the  parts  burned  together 

with  a  vitreous  cement. 


Fig.  104.  Porcelain  "Oil 
Type"  Insulator,  mounted 
on  Iron  Pin. 
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For  20,000  volts  an  insulator  made  entirely  of  porcelain  was 
designed.     Fig.   196  affords  a  very  good  idea  of   this  type.     In 

FifiT.   197   is  the   Dorcelain  oin  base 


ware  with  a  glass  or  por-  ^,    _^    „ 

,    .  ^  ^  fig-  196.    20,000  Volt  Porcelain  Insulator. 

celain    cone    extending 

down  around  the  pin,  which  is  of  wood  with  a  porcelain  sleeve  and 

base.     The  idea  of  this  sleeve  is  to  make  the  striking  distance 
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greater,  this  being  of  as  much  importance  as  that  the  length  of  the 
path  from  the  cross-arm  to  the  wire  be  made  long.  This  insulator 
is  10^''  in  diameter,  about  IS'"  high,  and  weighs  about  12  pounds. 


Fig,  197.    Wood  Pin  with  Porcelain  Baas. 


Fig.  198.    The  Niagara  Type  of  Porcelain  Insulator, 
Wood  Pin  and  Croas-arm. 


Another  feature  is  the  beveled  trough  around  the  top,  which 
catches  all  the  water  at  the  periphery,  and  carries  it  off  to  one  side 
of  the  cross-arm. 

Insulated  Wire  for  Overhead  Lines. —  For  long-distance  trans- 
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mission  bare  conductors,  described  at  the  beginning  of  this  chap- 
ter, are  generally  employed,  even  with  very  high  voltages.  For 
local  distribution,  especially  within  the  limits  of  cities  and  towns, 

electric  light  and  power  over« 
head  wires  are  covered  through- 
out with  insulating  material,  to 
reduce  the  danger  of  accidental 
contact  with  persons  or  with 
other  wires  or  conducting 
bodies. 

The  insulation  of  overhead 
wires  is  in  two  parts.  One  of 
insulating  material  impervious 
to  moisture,  placed  next  to  the 
wire,  and  the  other  of  some  sub- 
stance fitted  to  resist  abrasion 

Fig*  190,    Prooo  BIomb  Insulator.  vi  ,        •      i  •    •  ' 

or  like  mechanical  mjury. 

The  inner  coating  is  a  rubber  compound,  or  for  lower  grades 
some  cheaper  substitute.  Before 
this  is  laid  on  the  wire  it  is  first 
tinned  to  prevent  the  sulphur 
contained  in  the  rubber  com- 
pound from  corroding  the  wire. 
This  inner  coating  is  then 
covered  with  a  hard  braid  of 
cotton  or  hemp,  woven  on  to  the 
wire,  or  the  wire  is  served  with 
a  tape  and  insulating  compound. 
Where  the  wire  is  to  be  continu- 
ally moist,  gutta  percha  is  better 
than  rubber,  but  it  is  more 
costly. 

In  the  more  expensive 
grades  of  wire  the  coatings  are 
greater  than  two  in  number,  and 
they  alternate,  insulating  com- 
pound and  then  braid  or  tape. 

In  Figs.  201-203  are  shown         ^'^'  ^^^'  ^^*'  "'^^  ^'^'^'^  '"*"^«*'''- 
the  manner  of  application  of  the  insulation  and  the  braid. 
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Joints  in  Overhead  Lines.  —  Whether  an  electrical  conductor  is 
bare  or  insulated  it  is  necessary  that  any  joint  made  in  it  shall  be 
nearly  equal  in  conductivity  and  in  mechanical  strength  to  the 


fig.  201.    Insulated  Line  Wire. 

rest  of  the  conductor.     The   ordinary  "lineman's   splice"    (Fig. 

204)  has  been  the  standard  practice  for  galvanized  wire  iron,  in 

telegraph  lines;  but  the  use  of  copper 

wire,  both  hard  and  soft  drawn,  and  the 

necessity    for    better    connection  with 

heavy   currents,    has    resulted    in    the 

adoption  of    various    special   forms   of 

joint.     Of  these  the  Mclntire  joint  illustrated  in  Fig.  205  is  a 

prominent  example. 


Ftg.   202.     Stdndard  Conductor,  In- 
sulated for  Outside  Work. 


Fig.  203.    Ooerhead  Wire  with  Weatherproof  Insulation. 

This  joint  is  made  by  use  of  a  "  connector  "  which  consists  of 
two  tubes  drawn  side  by  side  out  of  one  piece  of  copper.  The 
internal  diameter  of  each  of  these  tubes  corresponds  to  the  ex- 


MM^^^MM? 


Fig.  204.    Lineman's  Splloe. 

temal  diameter  of  tne  wire  to  be  spliced.     The  two  wires  need  not 
be  of  the  same  size. 

B21 


Fig.  206.    Mclntyre  Wire  Joint. 

The  joint  is  made  by  slipping  the  wires  inside  the  tubes,  and 
then  by  means  of  special  pliers,  twisting  the  tubes  one  on  the 
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Other  ;  thus  by  friction  the  two  wires  are  bound  firmly  together. 
Unless  required  by  Insurance  Rules,  they  need  not  be  soldered, 
a  great  advantage  with  hard-drawn  copper  wire  as  it  avoids  anneal- 
ing the  wire,  and  the  joint  more  nearly  retains  the  full  strength  of 
the  wire. 

In  the  "  lineman's  splice  "  the  actual  area  of  contact  wire  to 
wire  is  small,  and  unless  well  soldered  the  crevices  will  afford 
places  for  starting  corrosion,  and  the  resistance  will  be  high. 

The  Mclntire  joint  affords  plenty  of  contact  area,  giving  a  low 
resistance  and  being  impervious  to  moisture.  This  form  of  joint 
is  especially  valuable  with  the  aluminum  wire  that  is  now  coming 
into  use. 

All  joints  made  in  insulated  wire  lines  should  be  taped  and 
painted  with  an  insulating  compound  till  the  insulation  over  the 
joint  is  as  good  as  that  on  the  wire  of  the  line. 

Method  of  Attaching  the  Line  Wire  to  the  Insulators.  — The  or- 
dinary plan  is  to  take  a  simple  U-shaped  tie-wire,  place  the  curve 
of  it  around  the  insulator,  and  wrap  up  the  projecting  ends  around 


«=^ 


^^^^^=^n>p 


Fig.  206.    Tying  Wire  to  Insulator. 


Fig.  207.    Tying  Wire  to  Insulator. 


the  line-wire.  This  puts  a  side  pull  on  the  line-wire  which  objec- 
tionable feature  of  this  tie  is  indicated  in  Fig.  206.  This  might, 
in  the  case  of  hard-drawn  copper  wire,  cause  breakage,  because  it 
is  quite  brittle. 

The  standard  method  now  in  use  is  shown  in  a  completed  form 
in  Fig.  207.  A  soft  copper  tie-wire  is  laid  in  and  around  the  insu- 
lator groove,  in  such  a  manner  that  one  end  comes  over,  and  the 
other  end  under  the  line-wire ;  the  ends  are  then  wrapped  around 
the  line-wire.  A  method  of  making  the  tie  is  shown  in  Fig.  208. 
When  properly  made  in  this  way  the  line-wire  is  anchored  to  the 
insulator  with  no  side  pull. 

Tie-wires  should  be  the  same  size  as,  or  slightly  smaller  than, 
the  conductors  themselves.     This  is  true  even  when  the  line -wires 
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are  insulated,  and  the  insulation  of  the  tie-wire  should  be  equal  in 
character  and  thickness  to  the  line-wire  that  it  ties. 

Dead  Ending. — When  a  line  ter- 
minates it  is  dead-ended  by  taking  a 
turn  around  the  insulator  and  wrap- 
ping it  about  itself,  or  by  means  of 
a  Mclntire  connector. 

Service  Connections  and  Loops. 
—  When  it  is  necessary  to  take  a 
tap  off  to  give  service,  an  extra  in- 
sulator must  be  mounted  on  the 
cross-arm,  in  order  that  the  strain  of 
the  service  main  may  not  put  a  side 
strain  on  the  line-wire  ;  for  a  series 
circuit  the  line  is  usually  dead-ended 
at  the  nearest  pole,  and  a  loop  taken 
to  the  building  to  be  served.  In 
this  case  the  arrangement  shown  in 
Fig.  209  may  be  used. 

Limitations  of  Voltage.  —  The  maximum  voltage  that  it  is  possi- 
ble to  employ  on  overhead  lines  depends  upon  conditions.  In  1890 
a  pressure  of  5000  volts  was  considered  to  be  very  high,  but  gradu- 


Fig.  208.    Method  of  making  Tie. 


Fig.  200.    Method  of  making  Loop  Connection. 

ally  the  apparatus  and  methods  have  been  improved  until  40,000  or 
even   60,000  volts  is  now   regarded  as  commercially  practicable. 
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The  electrical  maintenance  of  such  a  circuit  depends  entirely  upon 
the  insulators,  since  the  wires  are  usually  bare,  and  the  poles  even 
if  made  of  wood  should  never  be  depended  upon  for  insulation, 
especially  at  such  high  voltages. 

In  a  paper  before  the  American  Institute  of  Electrical  Engineers,* 
Mr.  C.  F.  Scott  gave  the  results  of  experiments  on  several  lines, 
and  pointed  out  that  the  loss  between  wires  by  leakage  directly 
through  the  air  rose  rapidly  above  a  certain  voltage.  In  Fig.  210, 
which  shows  some  of  these  data,  it  will  be  noted  (curve  1)  that  the 
loss  between  two  No.  28  wires  48  inches  apart  was  500  watts  at 

30,000  volts,  each  wire  being 
1040  feet  long.  This  is  far  too 
great  for  commercial  work, 
since  the  waste  would  amount 
to  about  2.5  k.w.  per  mile. 
With  larger  wires  the  loss  de- 
creases ;  for  example,  in  curve 
8  the  leakage  for  two  No.  8 
wires  the  same  distance  apart 
is  only  one-fifth  as  great  at 
80,000  volts,  being  100  watts 
for  the  same  length.  When 
No.  7  wires,  rubber-covered, 
are  used  (curve  4),  the  loss  is 
practically  nil  at  30,000  volts, 
and  only  becomes  50  watts  at 
60,000  volts,  or  .25  k.w.  per 
mile.  The  substitution  of  still 
larger  conductors  secures  a  further  reduction  in  this  leakage 
through  the  air,  so  that  it  can  be  kept  within  reasonable  limits  even 
at  60,000  volts.  A  transmission  line  in  California,  which  is  de- 
signed to  operate  at  this  pressure,  employs  aluminum  wires  one  inch 
in  diameter,  which  should  give  very  little  air  leakage,  even  though 
they  are  bare.  When  the  distance  between  wires  is  increased,  the 
loss  is  diminished,  as  shown  in  Fig.  211.  It  is  also  a  fact  that  the 
leakage  depends  upon  the  wave  form  of  the  pressure,  being  greater 
with  peaked  than  with  flat  topped  waves,  since  the  maximum  volt- 

»   Transactions^  June  30,  1898. 
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age  is  higher  in  the  former  case.  The  percentage  of  humidity  in 
the  atmosphere,  or  even  a  fall  of  rain  or  snow,  does  not  materially 
increase  this  loss  through  the  air. 


3000 


I620M283236404446 
Thousands  of  VjJts. 

f\q,  21 1.     Loss  betiveen  Wires  in  Air, 


56    60 


Lightning  Arresters  are  required  in  almost  all  cases  in  connection 
with  overhead  conductors.  The  principal  forms  in  use,  and  the 
manner  of  using  them,  were  described  quite  fully  in  Vol.  I.,  pages 
425  to  438. 


GENERAL    SPBOIFIOATIONS    FOB    ORDINARY    POLE    LINE 
CONSTRUCTION. 

(2000  VOLTS.) 

Poles  to  be  of  best  quality  cedar  or  chestnut,  round  or  octagonal, 
as  specified.  Height  to  be  approximately  thirty  (30)  to  thirty-five 
(35)  feet.  Diameter  of  base  to  be  ten  (10)  inches.  Diameter  of 
top  to  be  about  six  (6)  inches.  The  poles  to  be  straight  and  knots 
closely  trimmed.     Tops  to  be  chamfered. 

Gains  to  be  cut  square  with  the  axis  of  the  pole  and  with  all 
other  gains,  and  to  be  accurately  made  to  fit  cross-arms,  so  as  to 
bring  the  cross-arms  nearly  flush  with  the  pole. 

Painting,  Poles  which  are  specified  to  be  painted  to  have  the 
lower  six  and  one-half  (6^)  feet,  including  the  base  of  the  pole,  either 
creosoted  or  painted  with  a  heavy  coat  of  tar  paint  or  equal.  (This 
is  not  to  be  done  if  the  pole  is  "green  '*  or  sappy.)    The  roof  of  the 
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pole  to  be  painted  with  three  (8)  coats  of  best  quality  white  lead. 
All  gains  to  receive  two  (2)  coats  of  best  white  lead  previous  to  the 
introduction  of  cross-arms.  Lower  shanks  of  pins  to  be  painted 
with  white  lead  before  being  inserted  into  cross-arms.  Cross-arms 
to  be  thoroughly  painted  with  two  (2)  good  coats  of  mineral  paint 
put  on  with  a  brush.  After  the  poles  are  erected  and  wires  in 
place  all  the  poles  specified  to  be  painted  with  two  (2)  coats  of  best 
quality  dark-green  mineral  paint. 

Guy-Stubs  and  Anchor  Logs  to  be  used  where  the  pole  needs 
side  guying  on  a  sharp  bend,  or  wherever  the  country  does  not  pro- 
vide a  more  convenient  way  to  guy  them.  These  anchor  logs  or 
guy-stubs  to  be  of  proper  dimensions,  depending  on  the  size  of  the 
pole  and  weight  of  the  line. 

Cross- Arms  to  be  thoroughly  sound,  straight-grained  timber, 
of  southern  'pine,  and  free  from  knots.  The  arms  to  be  of 
requisite  length,  to  be  sawed  true  and  square,  and  up  to  the  dimen- 
sions specified.  The  top  side  of  the  cross-arm  to  be  chamfered 
throughout  the  whole  length,  with  the  exception  of  eight  (8)  inches 
at  the  center,  where  the  arm  fits  the  gain.  Cross-arms  to  have 
holes  bored  of  spacing  and  size  for  pins,  as  specified  or  shown  on 
drawings.  Cross-arms  to  be  screwed  to  the  pole  by  two  (2)  |  inch 
galvanized  iron  bolts  extending  entirely  through  the  arm  and  pole. 
Under  the  head  and  nut  of  each  bolt  a  galvanized  iron  washer,  not 
less  than  ^  inches  in  diameter,  shall  be  placed.  Bolts  to  be  stag- 
gered. (This  construction  refers  to  cross-arms  carrying  heavy 
wires  and  large  number  of  same.  On  light  lines  lag  screws  are 
sufficient.) 

Iron  Fittings  to  be  of  good  quality  best  refined  wrought  iron, 
which  would  conform  to  good  bridge  specifications,  to  be  thor- 
oughly galvanized.  Galvanizing  to  be  subject  to  a  test.  Cross- 
arm  braces  to  be  used  on  all  the  cross-arms  having  four  (4)  or  more 
pins.  The  braces  to  be  secured  to  the  pole  with  a  lag  screw,  and 
to  the  cross-arm  with  carriage  bolts  of  sufficient  length  to  go 
through  the  braces  and  arms.  Galvanized  iron  washers  to  be  placed 
under  the  head  of  all  bolts,  nuts,  and  lag  screws. 

Pins,  All  pins  to  be  best  quality,  sound,  clear,  split  locust, 
free  from  knots  and  sapwood.  Pins  to  be  of  standard  dimensions, 
which  are  governed  by  the  size  and  weight  of  the  insulators,  etc. 
The  threading  and  tapering  shall  be    neatly  and  accurately  cut. 
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showing  the  full  thread,  and  shall  accurately  fit  the  insulator.  Each 
pin  to  be  secured  to  the  cross-arm  by  a  sixpenny  galvanized  iron 
wire  nail  driven  straight  through  cross-arm  and  shank  of  pin.  On 
all  curves  pins  to  be  bolted  by  galvanized  iron  bolts. 

Insulators,  Insulators  as  per  sample  to  be  used,  to  be  sound, 
strong,  free  from  fins,  having  threaded  holes  accurately  molded 
and  of  uniform  size.  To  be  double  petticoated,  made  of  glass,  and 
subject  to  a  break-down  test  of  6000  volts,  from  a  source  capable 
of  delivering  five  (5)  amperes  at  that  pressure. 

Guy-Rods,  Anchor  guys  shall  be  attached  to  galvanized  iron 
guy-rods.  These  rods  to  be  from  6  to  8  feet  long,  |  inch  in  diam- 
eter, provided  with  a  galvanized  iron  washer  §  inch  thick  and  S 
inches  square,  with  |  inch  hole  for  reception  of  the  rod. 

Wire-Rope  Fittings,  All  wire-rope  fittings,  such  as  thimbles, 
guy-clamps,  rings,  sockets,  shall  be  of  first-class  quality  of  wire- 
rope  fittings,  equivalent  in  every  respect  to  those  manufactured  by 
the  Roebling  Company  or  Washburn  &  Moen.     To  be  galvanized. 

Light  fling  Rods.  Every  tenth  pole  to  be  supplied  with  a  light- 
ning rod  made  of  No.  6  galvanized  iron  wire,  carried  at  least  one 
foot  above  top  of  pole,  and  secured  to  same  by  heavy  galvanized 
steel  staples  made  of  No.  4  (B.  and  S.  gauge)  wire.  These  staples 
shall  be  1\  inches  long.  The  wire  shall  be  carried  down  the  pole, 
and  thoroughly  buried  in  the  ground  at  the  base  of  the  pole,  with  at 
least  two  hand  turns. 

Guy-Ropes  to  be  made  of  good  flexible  quality  galvanized 
iron,  and  to  be  composed  of  one  or  more  strands,  depending  on  the 
stress  to  be  borne  by  the  guy.  To  conform  to  good  specifications 
for  elongation,  twist,  and  breaking. 

Construction  Details.  The  line  shall  be  located  by  measuring 
off  and  placing  stakes  for  pole  location  at  distances  of  120  feet  as 
an  average.  Such  stakes  must  be  placed  as  nearly  in  line  as  possi- 
•  ble.  In  case  of  obstacles,  the  pole  should  be  located  as  near  the 
stakes  as  possible.  In  the  distribution  of  the  poles,  the  strongest 
and  heaviest  poles  shall  be  placed  on  line  corners,  while  the  best- 
looking  shall  be  distributed  throughout  the  town,  or  in  the  front  of 
residences.  The  len^h  of  the  pole  shall  be  proportioned  to  the 
contour  of  the  country,  so  that  the  wires  may  be  strung  without 
abrupt  changes  in  level. 

On  straight  lines  all  poles  shall  be  set  in  the  ground  to  a  depth 
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of  at  least  six  feet,  unless  otherwise  specified.  All  poles  shall  be 
set  perpendicularly  on  straight-line  work.  On  curves,  poles  should 
be  set  with  an  outward  rake. 

The  holes  shall  be  dug  sufficiently  large  to  admit  the  butt  of 
the  pole  without  hewing ;  and  after  the  pole  is  set,  the  earth  shall 
be  returned  and  thoroughly  tamped  aroimd  all  the  base  of  the  pole. 
Tamping  shall  be  done  in  the  proportion  of  three  tampers  to  one 
shoveler.     Upon  curves  the  poles  must  be  laterally  guyed. 

Every  eighth  pole  to  be  laterally  guyed  on  both  sides,  and  on 
steep  hills  every  pole  shall  be  head-guyed  in  both  directions. 

The  two  end  poles  of  each  line  shall  be  head  and  laterally 
guyed.  On  long  spans  the  poles  shall  be  head-guyed  both  ways, 
and  side-guyed  in  both  directions. 

"  Y  "  guying  to  be  used  in  all  cases. 

Where  it  is  difficult  to  get  good  setting  for  a  pole,  same  to  be 
set  in  "sand-barrel "  or  concrete,  to  be  approved  by  the  engineers. 

In  cases  where  poles  are  set  in  rock,  pole  to  be  hewn  to  fit  an 
approved  iron  shoe,  which  is  to  be  securely  bolted  to  rock.  Shoe 
to  be  painted  inside  with  two  coats  t)f  white  lead  before  pole  is  in- 
serted. Outside  of  shoe  to  be  smooth,  and  hydraulic  cement  to  be 
placed  on  top  of  rock  on  which  shoe  is  set. 

Guys  to  be  fastened  to  poles  by  means  of  galvanized  eye-bolt, 
fitted  with  galvanized  washers  under  head  and  under  nut  of  bolt. 

Placing  of  Cross- Arms,  On  straight-line  work,  the  cross-arms 
to  be  placed  on  alternate  sides  of  succeeding  poles.  On  long  spans 
the  cross-arms  of  terminal  poles  shall  be  placed  opposite  the  long 
section.  Double  cross-arms  to  be  used  on  all  abrupt  changes  in 
direction  and  also  on  end  poles. 

At  the  end  of  lines  the  arms  of  at  least  the  last  two  poles  shall 
l)e  placed  on  the  side  facing  the  terminal  of  the  line.  On  curves 
the  cross-arms  shall  face  towards  the  middle  of  the  curve. 

Long  spans  of  200  feet  shall  be  head-guyed,  and  if  possible ' 
side-guyed  in  both  directions. 

Tying  of  Wires.  Line  wires  shall  be  tied  in  a  manner  as  ap- 
proved by  the  engineers. 

Joints.  All  joints  to  be  made  either  with  a  Mclntyre  sleeve  or 
a  Western  Union  splice,  and  to  be  thoroughly  soldered,  taped,  and 
bound  with  cord. 

Guard  Hooks.    To  be  pkced  on  each  cross^rm  on  sharp  bends. 
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Guard  Wires,  To  be  placed  wherever  wires  cross  above  or 
below  another  line. 

Binding  Wire,  Binding  wire  to  be  used  to  secure  wires  on  all 
insulators.  Wires  to  be  of  first-class  insulation,  solid  copper  wire, 
two  gauge  numbers  smaller  than  the  line  wire.  No  binding  wire 
smaller  than  No.  8  B  and  S.  gauge  to  be  used. 

Excavation.  All  excavating  and  filling  for  pole  line  to  be  done 
by  contractor  ;  also  felling  of  trees,  bushes,  and  all  blasting,  grad- 
ing, etc.  Trees  and  bushes  to  be  trimmed  so  that  no  branch  can 
come  in  contact  with  the  wires.  All  removing  and  replacing  of 
fences  or  other  structures  which  may  be  found  necessary  for  locat- 
ing pole  line  to  be  done  by  the  contractor. 
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CHAPTER    XIII. 

UNDERGROUND    ELECTRICAL   CONDUCTORS. 

The  branch  of  electrical  light  engineering  that  is  the  greatest 
in  magnitude,  and  involves  the  largest  expenditure,  is  that  which 
relates  to  the  designing,  laying,  and  maintaining  of  a  large  system 
of  underground  conductors.  In  no  other  department  of  electric 
lighting  are  the  practice  and  results  so  variable.  For  nearly  ten 
years  after  electric  lighting  was  first  introduced,  the  distribution  o/ 
a  current  was  effected  almost  entirely  by  overhead  wires,  the  only 
important  exception  being  the  Edison  Underground  System,  first 
laid  in  1882,  and  generally  employed  by  most  of  the  low-tension, 
direct-current  systems  in  the  larger  cities  of  this  country,  and  in 
many  places  abroad.  Since  1890  the  popular  objection  to  the  use 
of  overhead  electrical  wires  has  grown,  and  wherever  possible  has 
demanded  the  substitution  for  them  of  underground  conductors. 
The  enormous  expense  of  making  the  change,  as  well  as  the  almost 
utter  lack  of  experience  with  buried  high-tension  circuits,  made  this 
a  most  formidable  problem  at  first.  As  is  usual  in  such  cases^ 
extraordinary  methods  were  devised  for  overcoming  the  apparent 
difficulties.  It  has  been  found,  however,  that  very  simple  con- 
struction, provided  it  is  of  good  quality,  insures  the  practical  suc- 
cess and  permanence  of  underground  conductors.  In  fact, 
alternating  current  and  arc-lighting  circuits  of  1000  to  7000  volts 
are  commonly  laid  in  underground  conduits,  and  do  not  give  much 
more  trouble  than  low-tension  wires,  including  those  employed  for 
telegraphic  and  telephonic  purposes.  The  essential  elements  of  an 
underground  system  of  conductors  are,  first,  the  conductor  itself^ 
which  is  almost  invariably  composed  of  copper  ;  second,  the  insula- 
tion, which  may  be  either  a  complete  covering  of  non-conducting 
material,  or  simply  points  of  support ;  and  third,  the  mechanical 
protection,  which  usually  takes  the  form  of  a  tube  or  conduit,  and 
must  be  particularly  strong  in  order  to  withstand  the  severe  con- 
ditions to  which  it  is  exposed. 
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In  some  instances,  especially  in  Europe,  iron-armored  cables 
are  laid  directly  in  the  earth,  without  any  conduit  to  protect  them. 
The  armor,  which  is  relied  upon  for  mechanical  protection,  consists 
of  a  spiral  winding  of  iron  or  steel  wire,  like  that  of  a  submarine 
cable,  or  a  spiral  wrapping  of  iron  or  steel  tape,  with  overlapping 
joints.  In  either  case  there  is  a  certain  amount  of  flexibility 
which  a  conduit  does  not  possess,  enabling  the  cable  to  pass  around 
obstacles  and  adapt  itself  to  the  various  underground  pipes,  etc., 
that  are  often  very  numerous  in  large  cities.  Moreover,  the  iron- 
armored  cable  would  occupy  much  less  space  than  an  equivalent 
conduit.  In  some  underground  conductor  systems  the  cables  are 
drawn  in  after  the  conduits  are  built,  and  in  others  the  conductors 
are  put  in  the  sections  before  they  are  laid,  or  are  built  in  at  the 
same  time. 

FORMS  OF  UNDERGROUND  CONDUITS. 

Drawing-In    Systems. 

IRON. 


"Wrought-iron  pipes. 


cement  lined 
wood  lined 


Cast-iron  pipes. 
"      "    troughs. 


EARTHENWARE. 

6.  Terrarcotta  pipes,  single  or  multiple  duct. 

7.  **         "      troughs    "  "  " 

CONCRETE, 

8.  One  or  more  ducts  formed  in  a  mass  of  concrete. 

WOOD. 

9.  Wooden  pipes. 

10.  "       troughs. 

11.  Fiber  pipes. 

Solid  or  Built-in  Systems. 

12.  Edison  and  other  underground  Tube  Systems. 

13.  Crompton  and  other  naked  Conductor  Systems 

Wrought-Iron  or  Steel  Pipes,  similar  to  gas  or  steam  pipes  with 
screw  or  other  connections,  is  the  strongest  and  one  of  the  most 
satisfactory  forms  of  conduit ;  and  it  has  been  extensively  adopted, 
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particularly  where  its  rather  high  first  cost  is  not  a  serious  objec- 
tion. Its  advantages  are  great  strength  to  resist  the  severe  strains 
due  to  the  pressure  of  the  earth,  often  aggravated  by  unequal  set- 
tling. It  is  also  well  adapted  to  withstand  blows  of  pick-axes, 
shovels,  etc.,  to  which  conduits  are  exposed  during  subsequent  ex- 
cavations of  the  same  ground.  Wrought-iron  or  steel  pipes  require 
to  be  of  less  thickness,  and  therefore  occupy  less  space  than  any 
other  form  of  conduit.  They  can  be  joined  by  screw  or  other  con- 
nections which  are  most  secure,  and  can  also  be  made  water-tight. 
Such  a  pipe  can  be  bent  to  a  reasonable  'extent  without  breaking 
or  opening  the  joints  ;  whereas  with  almost  any  other  form  of  con- 
duit the  unequal  settling  of  the  ground,  which  is  almost  certain  to 
occur,  is  likely  to  crack  or  break  it. 

The  disadvantages  of  wrought-iron  pipes  are  their  somewhat 
high  first  cost,  and  the  fact  that  they  are  made  of  conducting 
material,  which  will  cause  a  ground  connection  if  the  insulation  of 
the  wire  is  injured.  It  is  doubtful,  however,  if  non-conducting  con- 
duits, such  as  earthenware,  are  really  better  for  underground  con- 
struction. If  a  diflficulty  occurs  in  the  insulation  of  the  wire,  the 
incidental  insulation  afforded  by  the  conduit  is  hardly  sufficient  to 
enable  the  circuit  to  be  worked  properly.  The  moisture  which 
would  almost  always  be  present  would  produce  a  sufficient 
"ground''  to  render  it  undesirable  and  probably  dangerous  to 
employ  the  conductor.  In  most  cases  it  would  be  just  as  well,  and 
would  enable  a  fault  to  be  more  quickly  detected  and  located,  if  a 
"dead  ground,"  Le.,  low-resistance  ground  connection  were  made 
immediately.  In  fact,  with  high-tension  circuits  in  non-conducting 
conduits,  it  is  important  to  have  the  lead  sheathing  of  the  cables 
that  are  ordinarily  used  well  grounded  throughout  its  entire  length, 
otherwise  a  defect  in  the  insulation,  or  simply  the  electrostatic 
charging  and  discharging  which  takes  place  with  alternating  cur- 
rents, render  it  dangerous  to  touch  the  lead  sheathing. 

Wrought-iron  Pipe  in  Hydraulic  Cement This  is  used  to 

quite  a  large  extent,  the  ordinary  construction  for  this  conduit 
consisting  in  digging  a  trench  in  the  street,  the  size  depending 
upon  the  number  of  pipes  to  be  laid.  The  bottom  of  this  trench, 
after  being  carefully  leveled  or  graded,  is  covered  with  a  layer 
of  good  concrete  2  to  4  inches  deep,  and  the  sides  are  braced 
with  plank.     A  suitable  mixture  for  this  purpose  is  composed  of 
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two  parts  of  Rosendale  cement,  three  parts  sand,  and  five  parts 
broken  stone.  Broken  stone  to  pass  through  a  one  and  one-half 
inch  mesh.  The  concrete  is  well  rammed  into  place,  and  a  layer 
of  wrought-iron  pipe  is  laid  upon  it.  The  diameter  of  these  pipes 
depends  upon  the  size  and  number  of  cables  that  they  are  to  re- 
ceive, the  standard  being  8  or  4  inches  in  diameter,  and  i  inch 
thick.  The  pipes  are  in  20-foot  lengths,  and  are  joined  by  means 
of  a  tapering  or  vanishing  screw  thread  coupling,  forming  a  joint 
which  is  water-  and  gas-tight,  and  can  easily  be  made  as  the  pipes 
are  laid  in  place.  When  the  first  layer  of  pipes  is  in  place,  spaces 
between  and  around  them  are  filled  with  concrete.  The  distance 
between    the    pipes    is 

usually  one-half  to  three-  "^VSlfilS^orT'' 

quarters  of  their  diam- 
eter, the  thickness  of  the 
concrete  on  the  sides 
being  about  the  same 
amount.  The  concrete 
is  filled  in  over  the  pipes 
to  a  depth  about  half 
of  a  diameter,  and  then 
another  layer  of  pipes  is 
laid  and  packed  around 
with  concrete  as  before. 
After  the  last  row  is  in 


place,  a  covering  of  con-  ^,^   ^,^     Oro.s-%ecilon  of  iron  Pip.  consult. 

Crete  from  2  to  3  inches 

in  thickness  is  spread  over  it,  and  a  layer  of  yellow  pine  plank  2 
inches  thick  is  laid  upon  this.  The  chief  object  of  the  latter  is  to 
serve  as  a  protection  against  the  tools  of  the  workmen  in  case  of 
later  excavations.  Experience  has  shown  that  men  will  dig  down 
through  concrete,  but  will  turn  aside  from  the  wood. 

The  following  construction  is  standard  in  this  kind  of  work 
being  used  in  New  York  City.     (See  Fig.  212.) 

The  thickness  of  xement  all  around  the  bunch  of  conduits  is 
li  inches.  The  boards  en  the  side  of  the  trench  are  1^  inches, 
and  there  are  2-inch  boards  on  the  top.  Three-inch  wrought-iron 
reamed  pipe  is  used,  which  is  superior  to  the  ordinary  commercial 
pipe,  in  that  it  is  reamed  after  being  rolled  to  insure  that  there  are 
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no  blisters  or  rough  points  on  the  interior  of  the  pipe.  The  pipe 
is  dipped  in  a  tar  to  prevent  rusting.  Fig.  212  shows  a  12-duct 
construction.     This  is  larger  than  the  average. 

The  pipes  are  laid  at  4j.  inches  between  centers,  both  between 
the  rows  and  the  pipes  in  the  rows.  This  adds  up,  for  total  con- 
duit construction,  about  \\  feet  deep  by  2  feet  broad. 

A  cement  formula  that  has  been  found  sufficient  is.  Cement 
1  part,  sand  2  parts,  and  \  inch  broken  stone  SJ  parts. 

It  is  evident  that  this  construction  is  extremely  substantial  and 
well  adapted  to  withstand  the  most  severe  mechanical  forces,  being 
also  gas-  and  water-tight.  The  iron  pipes  are  found  to  last  very 
well,  the  action  on  their  external  surfaces  being  very  slight.  They 
rust  internally  to  a  considerable  extent,  being  exposed  to  moisture 
and  air ;  but  it  would  take  a  long  time  for  them  to  be  corroded 
away  entirely.  Even  should  this  occur,  a  smooth  hole  will  be  left 
in  the  concrete,  and  would  still  serve  as  a  conduit  for  the  conduc- 
tors, and  would  last  almost  indefinitely. 

The  use  of  asphaltic  concrete  instead  of  that  containing  cement 
has  been  proposed  ;  but  it  would  be  still  more  expensive,  and  would 
not  seem  to  offer  a  compensating  advantage.  The  manholes,  hand- 
holes,  and  methods  of  distribution  employed  in  connection  with 
this  form  of  conduit,  will  be  described  later,  since  they  are  quite 
similar  for  all  types. 

Wrought-Iron  Pipes  Lined  with  Wood  have  also  been  used ;  but, 
as  already  stated,  it  is  doubtful  if  a  non-conducting  conduit  is 
especially  desirable.  But  the  wooden  lining  would  at  least  serve 
as  a  means  of  preventing  the  chafing  of  the  cable  as  it  is  drawn  in, 
and  might  in  that  way  prove  a  valuable  feature.  On  the  other 
hand,  it  might  tend  to  corrode  the  lead  covering  of  cables  as  de- 
scribed later  under  "Wooden  Conduits." 

Wrought-Iron  Pipe,  Cement  Lined — This  form  of  ducts  usually 
consists  of  eight-foot  lengths,  made  of  thin  (No.  26,  B.  W.  G.) 
sheet  iron,  riveted  every  two  inches,  as  represented  in  Fig.  213. 
The  pipes  are  lined  with  a  layer  of  pure  Rosendale  cement,  |  of  an 
inch  thick,  no  sand  being  used.  The  internal  diameter  is  3  inches^ 
making  the  external  diameter  approximately  4^  inches.  The  out- 
side of  the  pipe  is  tarred  to  prevent  rusting.  The  interior  surface 
of  the  cement  is  extremely  smooth ;  in  fact,  it  has  a  polished  ap- 
pearance, so  that  there  is  not  an  excessive  amount  of  friction  to 
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interfere  with  the  introduction  or  withdrawal  of  the  cables.  Each 
section  weighs  between  40  and  50  pounds,  and  is  therefore  easily 
handled  in  laying  and  joining.  These  pipes  are  laid  in  cement  in 
a  manner  similar  to  that  described  in  the  case  of  plain  iron  pipe, 
but  the  thickness  of  the  pipes  is  somewhat  greater.  This  form  of 
conduit  can  be  laid  rapidly.  Twenty  ducts  with  a  total  of  12,820 
feet  of  pipe  were  put  down  in  a  single  day  in  St.  Louis.  The 
gang  of  men  required  to  do  this  work  were  36  concreters,  62 
laborers,  6  bricklayers  with  6  helpers,  and  6  overseers.  The 
trench  in  this  case  was  already  open ;  but  the  work  included  the 


F\g,  213,    Ceofnt-^lned  Iron  Pipe. 

building  of  1^  manholes  and  4  handholes.  In  another  case  a  gang 
of  108  laborers,  40  concreters,  5  bricklayers,  and  5  helpers,  with 
7  overseers  dug  a  ditch  1157  feet  long,  put  in  5  ducts,  and  filled 
in  the  trench  in  a  single  day.  These  may  be  considered  as  ex- 
traordinary "runs,"  an  average  of  600  duct  feet  complete  being 
the  usual  result  of  a  day's  work.  Figs.  214  and  217  show  con- 
•  duits  in  course  of  construction. 

Cast-iron  Pipe  Conduit.  —  These  are  similar  to  the  plain 
wrought-iron  pipe  already  described.  In  order  to  have  equal 
strength  the  cast-iron  would  have  to  be  thicker  than  the  wrought- 
iron,  so  that  the  cost  would  be  as  great  or  greater ;  and  since  the 
former  occupies  more  space,  and  is  heavier  to  handle,  there  is  no 
great  advantage  in  employing  it.  Cast-iron,  however,  lasts  longer 
in  the  earth  than  wrought-iron. 

Cast-iron  Trough  Conduits.  —  Various  forms  of  this  construc- 
tion have  been  used,  a  prominent  example  being  the  Johnstone 
conduit.  This  consists  of  shallow  troughs  of  cast-iron  in  lengths 
of  about  6  feet,  which  may  be  laid  directly  in  the  earth,  as  repre- 
sented in  Fig.  216.  The  cables  are  then  run  along  in  the  trough, 
and  covers  of  cast-iron  are  placed  over  the  troughs,  the  two  being 
bolted  together.  This  construction  possesses  the  advantages  that 
the  cables  are  laid  directly  in  place  without  being  drawn  in,  so  that 
there  is  less  liability  of  their  being  injured  ;  and  still  more  impor- 
tant is  the  fact  that  the  cables  are  accessible  at  any  point  for 
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Fig.  214.     Wrought'lron  Pipe  Conduit  in  Course  of  Construction. 


Fig.  216.     Cast-iron  Trougii  Conduit. 
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inspection,  repair,  or  branch  connection,  by  simply  removing  one 
of  the  sections  of  cover,  which  are  very  easily  unbolted  and 
handled.  For  this  reason  the  system  is  particularly  well  adapted 
to  distribution,  in  contradistinction  to  transmission  of  current  on 
feeders  or  trunk  lines.  Unfortunately  the  cost  is  so  high  as  to 
be  almost  prohibitive.  In  some  cases  the  troughs  are  completely 
filled  with  an  insulating  compound  after  the  conductors  are  laid  in 
them,  thus  excluding  moisture,  gases,  chemical  agents,  etc.,  that 
might  otherwise  leak  in  and  injure  the  insulation.  Such  construc- 
tion, however,  comes  under  the  head  of  "built-in  "  and  not  "draw- 
ing-in  '*  systems. 

The  self-induction  of  alternating  current  conductors  laid  in  iron 
pipes  or  troughs  must  be  overcome  by  twin  or  concentric  cables. 

Earthenware  Conduits.  —  Various  forms  known  as  "terra- 
cotta," "glazed-clay,"  and  "hollow-brick  tile''  conduits  are  manu- 
factured and  used. 
The  ordinary  single- 
duct  form,  illustrated 
in  Fig.  216,  consists 
of  an  earthenware 
pipe  18  inches  long, 

^,        .    ^  I     ,.  ^  Fig.  216,    Qlaz»d  day  Conduit 

the  mternal  diameter 

being  usually  3  inches,  but  smaller  and  larger  sizes  are  made  also. 
The  thickness  of  the  walls  is  about  |  inch,  the  external  form  being 
octagonal,  as  shown.  These  are  made  of  clay  burned  moderately 
hard,  and  glazed  inside  and  out.     They  are  laid  in  a  trench  upon  a 

bed  of  concrete  from  3  to  6 
inches  thick,  being  placed  side 
by  side  with  spaces  of  J  or  ^ 
inch  between  them,  -which  are 
filled  with  cement  mortar. 
Single-duct  conduit  joints  being 
self-centering,  are  simply  sock- 
eted one  into  the  other.  The 
Fig.ii7.  QiazBd  Clay  Conduit  conduit  is  built  up  in  layers, 

with  the  pipes  breaking  joints 
very  much  like  the  bricks  in  an  ordinary  wall.  The  concrete  con- 
sists of  1  part  cement,  2  parts  sand,  and  6  parts  screened  gravel, 
broken  stone,  or  broken  brick ;  the  stone  to  pass  through  l^-inch 
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mesh ;  the  cement  and  sand  to  be  first  thoroughly  mixed  dry,  then 
a  sufficient  quantity  of  water  added  to  make  a  rather  soft  mortar  ; 
the  gravel,  stone,  or  brick  to  be  added  afterwards,  and  thoroughly 
mixed.  The  gravel,  stone,  or  brick  should  not  exceed  one  inch  in 
its  greatest  diameter.  The  conduit  is  usually  protected  on  the 
sides  and  top  by  a  layer  of  concrete  at  least  three  inches  thick  ; 
but  in  some  cases  the  concrete  is  omitted,  when  two  one-inch  yel- 
low pine  boards  are  placed  over  conduit.  Great  care  should  be  ex- 
ercised in  laying  the  ducts  so  that  the  alignment  is  sufficiently  good 
to  enable  the  conductor  to  be  easily  drawn  in  and  without  injury. 
This  is  generally  secured  by  inserting  a  round  stick  or  mandrel  of 
wood  through  the  ducts  as  they  are  laid.     The  mandrel,  which  fits 
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Fig.  218,    Mu/tipi0-duct  Eartheniuof  Conduits. 

the  bore  of  the  pipes  quite  closely,  insures  that  they  are  in  line 
while  being  filled  around  with  mortar,  and  there  is  a  disk  of  rubber 
on  the  end  of  the  mandrel  that  acts  to  scrape  out  any  mortar  or 
dirt  that  may  happen  to  get  into  the  duct.  The  axis  of  each  pipe 
is  slightly  curved,  and  they  should  be  laid  so  that  the  convex  side  is 
upward,  in  order  that  the  joints  shall  interfere  as  little  as  possible 
with  drawing  in  the  cables.  The  advantage  of  this  form  of  conduit 
is  its  simplicity,  cheapness,  and  the  fact  that  any  desired  number 
of  ducts  may  be  put  together;  and  to  avoid  obstructions  under- 
ground, the  geometrical  form  of  the  conduit  may  be  modified  by 
different  arrangement  of  the  separate  pipes,  and  it  is  quite  easy  to 
slightly  change  its  direction,  so  that  it  may  be  carried  around  ob- 
stacles. 
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Multiple-duct  earthenware  conduits  are  similar  in  general  form 
and  method  of  laying  to  the  single-duct  construction  just  described. 
The  difference  lies  in  the  fact  that  each  unit  contains  two  or  more 
ducts,  as  represented  in  Fig.  218.  In  this  way  space  and  the  labor 
of  laying  are  somewhat  economized.  Multiple-duct  conduits  are 
centered  with  two  dowel  pins  at  each  joint,  and  then  wrapped  with 


f/j.  2)9.    Joints  in  Multiple-duct  Conduits. 

a  six-inch  strip  of  asphalted  burlap,  or  with  a  six-inch  strip  of  damp 
cheese  cloth,  and  then  given  a  coating  of  cement  mortar,  as  shown 
in  Fig.  219. 

Earthenware  Trough  Conduits  consist  of  clay  troughs,  either 
simple  or  with  partitions,  as  represented  in  Fig.  220.  The  usual 
dimensions  are  3  or  4  inches  square  for  each  compartment,  with 


Fig.  220.    Earthenware  Trough  Conduits, 

walls  about  1  inch  thick,  the  sections  being  2  to  4  feet  long,  and 
weighing  about  85  pounds  each  for  the  2-foot  four-duct  trough 
shown.  To  cover  the  top  trough  a  sheet  of  mild  steel,  No.  22 
gauge,  is  bent  to  fit  over  the  sides  to  hold  it  in  place,  and  is  cov- 
ered over  with  concrete.  When  the  latter  has  solidified,  it  acts  as 
a  roof  to  the  top  layer  of  ducts,  even  though  the  sheet  of  steel 
rusts  entirely  away. 
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Ducts  formed  in  Concrete A  method  of  constructing  a  con- 
duit consists  in  partly  filling  a  trench  with  concrete  in  which 
continuous  longitudinal  holes  are  formed  to  serve  as  ducts  after 
the  concrete  has  hardened.  One  plan  is  to  use  collapsible  man- 
drels of  wood  or  metal,  which  are  placed  where  the  ducts  are 
desired  and  then  filled  around  with  concrete.  When  the  concrete 
has  solidified  the  mandrels  are  made  to  collapse,  and  taken  out  in 
pieces.  Another  means  of  producing  a  similar  result  is  to  employ 
tubes  made  of  thin  sheet  zinc  or  iron,  which  are  placed  in  the 
concrete  as  it  is  filled  in,  and  are  just  strong  enough  to  stand  the 

pressure  to  which  they  are  sub- 
jected. It  is  expected  that  the 
thin  metal  will  soon  corrode 
away,  but  the  ducts  will  remain 
in  the  mass  of  concrete. 

Wooden  Pipe  Conduit.  —  A 
simple  and  cheap  form  of  con- 

¥iq,  221.     Wooden  Pipe  Conduit.  duit  COnsistS  of    picCCS  of  WOOd 

3  to  6  feet  long  and  4^  inches 
square,  through  which  a  round  hole  3  inches  in  diameter  is  bored 
longitudinally.  These  are  laid  side  by  side  in  layers,  as  shown  in 
Fig.  221,  to  form  a  conduit  with  any  desired  number  of  ducts. 
At  the  bottom  and  top  a  layer  of  plank  is  laid  to  protect  and  hold 
in  place  the  separate  pieces.  There  is  a  projection  at  one  end  of 
each  section  which  fits 
into  a  corresponding 
recess  in  the  next  sec- 
tion, as  indicated  in 
Fig.  222.  This  conduit 
is  often  called  pump- 
log  conduit. 

Wooden  Trough  or  Box  Conduit Ducts  about  3  inches  square 

are  made  of  horizontal  boards  and  vertical  partitions  of  yellow  pine 
one  inch  thick.  This  may  be  laid  in  convenient  lengths  of  about 
12  feet  or  may  be  built  along  continuously.  The  wood  should 
have  been  previously  treated  with  creosote  or  dead  oil  to  preserve 
it,  as  described  on  page  244,  and  the  whole  exterior  of  the  conduit 
is  coated  with  tar. 

The  objection  to  this  or  any  form  of  wooden  conduit  is  the 


F/g.  222.    Wooden  Pipe  Conduit. 
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fact  that  the  decay  of  the  wood  tends  to  form  acetic  acid  which 
attacks  the  lead  sheathing  that  is  usually  applied  to  underground 
conductors.  This  produces  a  white  scale,  irregular  pits,  or  a  white 
efflorescence  on  the  lead,  and  is  likely  to  cause  much  more  damage 
than  the  dark  brown  uniform  coating  which  sometimes  forms  on 
lead  but  stops  further  action.  The  lead  acetate  resulting  from  the 
first-described  action  is  often  decomposed  by  carbonic  oxide  chan- 
ging it  to  lead  carbonate,  and  setting  free  the  acetic  acid  which 
again  attacks  the  lead  and  so  on.  The  decay  of  the  wood  and 
formation  of  acetic  acid  are  intended  to  be  prevented  by  the 
treatment  with  creosote  or  dead  oil,  but  this  may  not  be  entirely 
effective.  Wood  is  good  for  temporary  work,  for  it  will  last  about 
10  or  15  years,  and  can  be  easily  cut  into  for  changes  and  repairs 
or  side  connections. 

Fiber  Conduit  consists  of  pipes  made  of  wood  pulp,  having 
about  the  same  thickness  as  cast-iron  pipe.  Slip  joint  conduit  for 
electrical  subways  is  3  inches  inside  diameter,  and  has  short  sock- 
ets on  the  ends,  one  to  fit  inside  the  other,  keeping  the  lengths 
centered,  and  making  it  much  easier  to  lay  than  a  mere  butt  joint. 
It  is  laid  in  cement  like  iron  pipe.  The  screw  joint  pipe  will  form 
a  tight  line,  and  is  used  for  running  underneath  the  lawns  of 
private  houses,  or  underneath  the  streets  of  villages,  the  importance 
of  which  will  not  warrant  the  cost  of  building  electric  subways. 
Being  used  in  this  manner  like  iron  pipe,  it  can  be  cut  with  a  saw 
or  lathe  tools.  It  is  said  not  to  corrode  nor  change  in  dimensions 
with  varying  temperature. 

Ordinary  conduit  construction  is  illustrated  in  Fig.  223,  the 
conduits  in  this  case  being  terra-cotta,  but  may  consist  of  other 
kinds  of  pipe. 

It  is  hardly  necessary  to  lay  conduits  below  the  frost  line  as 
they  are  not  likely  to  be  injured  by  frost.  When  laid  in  concrete 
they  should  be  at  least  2  feet  below  the  surface,  and  when  clay 
pipes  are  laid  bare,  3  feet,  to  avoid  crushing  by  the  weight  of  the 
heavy  vehicles  above. 

Edison  Tube  System  is  a  very  good  one  for  distribution,  and 
for  extending  to  new  territory  section  by  section,  being  much 
more  convenient  in  this  respect  than  conduit  and  cable. 

The  Tube  consists  of  one  or  more  conductors  contained  in  and 
insulated  from  an  iron  pipe.     In  the  three-wire  system  which  is  in 
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general  use,  three  copper  rods  are  placed  in  each  tube.  The 
system  is  a  sectional  one,  and  each  tube  is  as  complete  when  it 
leaves  the  factory  as  is  a  rail  from  the  rolling-mill.  Like  a  rail 
it  only  needs  to  be  joined  to  other  similar  units  to  become  part  of 
a  continuous  line.  These  tubes  may  make  as  many  bends  as  cir- 
cumstances call  for,  while  a  conduit  must  run  practically  straight 
from  manhole  to  manhole. 

In  the  three-wire  system  of  distribution  the  conductors,  whether 
overhead  or  underground,  are  divided  into  two  classes.     Feeders 


Fig.  228.     Terra-Cotta  Conduit  under  Conatruotion. 

which  run  from  the  stations  to  the  centers  of  distribution  con- 
stitute the  first  class.  Mains  radiate  from  centers  of  distribution, 
and  loop  the  ends  of  the  feeders  together,  constituting  the  second 
class.  All  taps  to  supply  customers  with  current  are  taken  from 
the  mains.  Tubes  are  therefore  divided  into  Feeders  and  Mains. 
A  main  has  three  insulated  conductors  of  the  same  size.  A  feeder 
has  two  principal  conductors  and  a  smaller  conductor  to  serve  as  a 
neutral  wire.    A  feeder  also  has  three  insulated  cables  of  7  strands 
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of  No.  19  B.  W.  G.  wires  each.  These  small  cables  form  inde- 
pendent circuits  from  the  station  to  the  point  of  distribu- 
tion, and  enable  the  voltage  at  the  outside  end  of  the  feeder  to 
be  read  in  the  station.  Hence  these  lines  are  called  pressure 
wires.     See  Fig.  227. 

The  conductors  are  all  copper  rods,  20  feet,  4  inches  long,  and 
project  from  2  to  3^  inches  from  each  end  of  the  pipe.  The 
pipes  are  lap-welded  steam  pipe,  of  full  weight. 

In  making  up  a  tube  the  ends  of  the  copper  rod  are  first 
chamfered  and  tinned.  The  pipe  is  thoroughly  cleansed  on  the 
inside.  Each  rod  is  wound  separately  with  a  prepared  rope,  and 
the  three  rods  so  wound  are  made  into  a  triangular  bundle  and 


Fig.  224,    Conatruotion  of  Edlaon  Tube. 

wrapped  with  a  fourth  rope.  *  See  Fig.  224.  This  bundle  of  rods 
bound  with  rope  is  slipped  into  the  pipe.  When  the  rods  are  in 
position  the  pipe  is  placed  on  end,  and  a  melted  special  compound 
is  forced  in  from  the  lower  end.  As  the  compound  rises  it  dis- 
places the  air,  and  thus  prevents  air  bubbles.  The  ends  of  the 
pipe  are  closed  with  a  rubber  plug.  As  soon  as  the  insulating 
material  is  cooled  the  completed  section  of  the  pipe  is  carefully 
tested,  the  tube  is  then  painted  to  preserve  the  iron  from  rust,  and 
is  ready  for  shipment. 

In  order  to  complete  the  system,  there  is  needed  a  means  of 
joining  the  ends  of  the  conductors  in  the  consecutive  tubes,  and 
of  insulating  and  protecting  such  a  joint  when  made. 
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In  Fig.  225  it  will  be  seen  that  the  two  ends  of  the  pipe  enter 
^n  egg-shaped  casting  through  two  water-tight  sleeves  at  either 
end  of  the  oval.  The  copper  rods  forming  the  conductors  are 
joined  by  coupling  joints  consisting  of  short  pieces  of  flexible 
cable  with  sockets  cast  on  each  end.  These  sockets  are  drilled  to 
fit  easily  over  the  rods  which  the  joint  is  to  connect.  After  the 
connectors  are  in  place  they  are  thoroughly  soldered  to  the  ends 
of  the  conductors,  thus  making  an  electrical  joint.  The  covering 
of  the  egg-shaped  casting  is  bolted  down  on  the  lower  half,  and  by 
means  of  a  small  hole  on  the  top  of  the  casting,  the  whole  of  the 
box  is  filled  with  melted  insulating  compound,  which  surrounds  and 
insulates  the  copper  rods,  the   joints  and  the  tube  ends.     This 


F\g,  226.    Coupling  for  Edlaon  Tub€8. 

compound  does  not  grow  brittle  on  cooling  or  with  age,  but 
remains  somewhat  plastic  even  at  freezing  temperature.  The  hole 
in  the  casting  is  closed  with  a  cast-iron  cap. 

Coupling-boxes  are  made  also  in  the  form  of  elbows  and  tees, 
to  provide  for  all  possible  conditions,  such  as  service  wires,  turns 
in  the  line,  etc.  The  ball  end  that  may  be  attached  to  the  end 
of  the  tube,  and  the  socket  that  it  fits  into,  permit  a  considerable 
variation  in  direction  if  desired,  there  being  a  range  of  18  degrees 
on  either  side  of  the  mean  position. 

Branches  to  the  consumers*  premises,  or  as  they  are  commonly 
called  the  services,  are  short  lengths  of  tube  which  tap  the  main 
line  by  means  of  a  three-way  or  service  box.  These  boxes  are 
made  for  right  and  45  degree  angles.     A  four-way  box  readily  per- 
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mits  of  two  services  being  taken  from  one  joint.     A  form  of  box  is 
shown  in  Fig.  226. 

Mains  are  so  placed  in  the  ground  that  the  positive  and  nega- 
tive conductors  are  on  one  side  of  the  vertical  plane  through  the 


Fig.  226.    Branch  Connection  of  Edison  Tubes. 

center  of  the  tube,  while  the  neutral  or  balancing  wire  is  on  the 
other.  See  Fig.  227.  The  side  of  the  tube  which  the  neutral 
is  on  is  called  the  inside,  because  the  main  tube  is  so  placed  that 
the  neutral  copper  is  nearer  to  the  curb  line.  The  feeders  are 
laid  symmetrically, 
with  the  right  hand 

conductor    as    the     —  j. 

tube  leaves  the  sta- 
tion being  the  posi- 
tive. Services  are 
never  taken  from 
the    feeder-lines.  """"*  '^"*» 

.  Fig.  227.    CroaS'Sectlon  of  Ediaon  Tubes. 

This  requires  that 

at  some  center  of  distribution  the  feeder  be  split  up  and  branched 
out,  or  what  is  the  same  thing  that  it  be  connected  up  to  one  or 
more  mains.  The  feeder  enters  a  distributing-box,  and  the  con- 
ductors are  connected  to  three  copper  rings.  From  these  rings,  as 
a  source  of  potential,  mains  are  led  out  through  fuses  to  supply,  by 
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means  of  the  service  connections,  the  surrounding  district.  From 
the  rings  of  this  box  the  pressure  wires  return  to  the  station.  This 
box  not  only  serves  as  a  center  of  distribution,  but  also  as  center 
of  equalization  of  pressure  between  the  different  parts  of  the  sys- 
tem. Fig.  228  shows  the  arrangement  of  the  distributing-box.  In 
some  cases  the  fuses  are  replaced  by  heavy  copper  strips. 

Installation  of  the  Tubes.     The  trench  in  which  the  tubes  are 
to  be  laid  should  be  as  a  rule  30  inches  deep,  and  20  inches  wide 


f\g.  228.     Distributing  Box.    Edison  Tube  System. 

at  the  bottom,  this  giving  a  trench  wide  enough  for  two  tubes. 
As  is  shown  in  Fig.  229,  the  main  is  laid  nearer  the  curb  to  facili- 
tate the  taking  off  of  taps  or  services  to  the  houses  ;  such  ser- 
vices running  under  the  sidewalk,  and  entering  the  cellars  of  the 
houses.  If  there  is  only  one  line  of  main  on  a  street,  it  is  laid 
about  six  inches  higher  than  the  feeder,  should  there  be  one,  in 
order  that  services  may  be  taken  off  for  both  sides  of  the  street. 
The  system  may  seem  burdened  with  details ;  but  when  it  is 


Digitized  by  VjOOQIC 


UNDERGROUND  ELECTRICAL    CONDUCTORS.  279 

considered  that  the  system  takes  the  current  from  the  dynamo, 
and  delivers  it  to  the  consumer,  that  the  tube  is  the  equivalent  of 
three  ducts  in  a  con- 
duit and  three  insu- 
lated cables,  and  that 
its  flexibility  is  great, 
we  see  that  it  pos- 
3esses  advantages. 
For  many  years  it 
was  the  most  impor- 
tant underground 
system. 

Naked  Conductor 
Systems.  —  There 

•^  Fig.  229.    Edisom  Undergroymd  Tuifa. 

are  at  least  two  meth- 
ods by  which  bare  wires  or  rods  may  be  operated  in  underground 
conduits.     One  in  which  the  wires  are  supported  on  insulators  of 
glass,  porcelain,  soapstone,  etc.,  in  the  conduits  ;  and  the  other  in 
which  the  conduit  itself  is  of  an  insulating  material. 

The  former  method  is  used  somewhat  extensively  in  Europe, 
entirely,  however,  for  low  pressure  electric  lighting  service. 

In  this  use  of  bare  conductors  care  must  be  taken  to  prevent 
the  undue  access  of  moisture  into  the  ducts,  and  especially  to 
prevent  the  flooding  of  the  conduits. 

The  Crompton  System  of  bare  copper  strips  has  been  exten- 
sively used  in  England.     The  conduit,  or  culvert  for  a  three  wire 

system  is  shown  in  Fig.  230,  and  will  be 
seen  to  be  a  trench  lined  with  concrete, 
and  covered  with  a  layer  of  flag  stone. 
It  is  usually  built  under  the  sidewalks. 
Fig.  280.  Crompton  Conduit.        The  conductors  are  copper  strips  1  to 

Ij  inch  wide,  and  J  to  J  inch  thick. 
These  strips  rest  in  notches  on  the  top  of  the  porcelain  or  glass  in- 
sulators, which  are  carried  on  an  oak  timber  built  into  the  concrete 
walls. 

To  prevent  the  leakage  from  moisture  it  is  necessary  that  the 
number  of  the  supports  of  the  strip  be  reduced  to  a  minimum.  To 
accomplish  this,  about  every  300  feet  there  is  an  enlarged  hand- 
hole  for  a  straining  device  which  takes  all  the   sag  out   of  the 
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The  general  method  of  insulating  a  cable  is  to  first  wrap  round 
it  one  or  more  layers  of  pure  rubber  tape,  which  are  put  on  spirally ; 
the  direction  of  the  spiral  being  reversed  for  each  successive  layer. 
On  top  of  this,  rubber  compound  is  applied  in  two  or  more  separate 
coatings,  each  coat  being  put  on  by  passing  the  partially  formed 
core  with  two  strips  of  rubber  compound,  one  above  and  one  below 
it,  between  a  pair  of  rollers  which  fold  each  strip  half  around  the 
core,  and  press  the  edges  of  the  two  strips  together  so  as  to  make  a 


Fig.  234.    Lead-oooered  Stranded  Gable.        Fig.  235.    Duplex  Cable  with  Fibrous  Insulation, 

yape 


'm- 


Fig.  237,    Underg.'jund  Cable. 


Fig.  288.    Underground  Cable. 


good  joint  along  each  side.  When  a  sufficient  number  of  layers  of 
rubber  compound  have  been  put  on  to  give  the  requisite  thickness, 
the  core  is  tightly  bound  with  a  spiral  wrapping  of  prepared  rubber 
tape,  and  then  vulcanized.  After  this  it  is  tested  ;  and  if  it  proves 
satisfactory  then  it  is  taken  to  the  taping  and  braiding  machines, 
where  the  external  covering  of  tapes  and  braiding  is  put  on. 

Lead  covering.  These  cables  are  generally  incased  for  their 
mechanical  protection.  This  may  be  done  by  drawing  the  cable 
into  a  lead  tube,  which  is  then  drawn  through  a  die  and  made 
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to  fit  the  core  tightly  ;  or  the  lead  cover  may  be  put  on  in  a 
hydraulic  press,  the  hot  lead  being  forced  out  through  an  annular 
die  around  the  cable. 

The  Siemens  cable  is  one  of  the  second  class,  the  conductor 
being  wrapped  with  jute,  and  impregnated  with  a  special  bituminous 
compound  mixed  with  heavy  oil,  and  is  then  covered  with  lead. 

Paper  cable,  A  similar  cable  is  of  paper  wound  on  in  strips 
spirally  over  the  conductor ;  and  as  each  strip  is  applied,  it  is 
passed  through  a  die  which  presses  it  into  a  compact  mass.  The 
core  is  then  dried  at  a  temperature  of  250*^  F.  to  expel  the 
moisture  from  the  paper,  and  immersed  in  a  bath  of  compound, 
from  which  it  passes  directly  to  the  lead-covering  press. 

With  either  of  the  methods  of  lead  covering  by  a  press,  it  is 
difficult  to  test  the  soundness  of  the  lead,  unless  the  cable  is  im- 
mersed in  water  for  a  long  time.  For  this  reason  some  makers 
prefer  to  use  a  manufactured  lead  tube,  which  can  be  tested  under 
pressure  to  see  if  it  is  sound,  and  then  the  cable  is  drawn  into  it. 

Figs.  23-4  to  238  represent  the  general  form  of  cables. 

As  one  type  of  special  cable,  Fig.  239  shows  a  lead-covered, 
three-conductor  cable,  such  as  is  being  used  for  three-phase  trans- 
mission of  current  at  6600 
volts,  from  the  96th-street 
station  to  various  sub-stations 
in  New  York  City.  The  con- 
ductors are  each  equivalent  to 
a  No.  0000  A.  W.  G.  wire,  and 
are  composed  of  thirty-seven 
strands  of  tinned  Lake  copper. 
Around  each  conductor  is  a 
Hooper  core  containing  no 
sulphur  ;  the  total  insulating 

wall  around  each  conductor  is  conductor 

^  of  an  inch.    Together  with  ^'fl'-  ^5*-   Three-phaae  eeoo  voit  cabie. 

the  jute  fillers  these  conduc- 
tors are  twisted  with  a  lay  of  about  20  inches.  The  whole  is  then 
covered  with  a  second  insulating  wall  of  ^^  inches'  thickness.  Lead 
covering  J  inch  thick  is  then  put  on.  The  covering  is  an  alloy  of 
lead  and  tin,  the  percentage  of  tin  being  2i  to  3.  The  total 
diameter  of  this  cable  is  2^  inches. 
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This  lorm  of  insulation  is  popularly  called  split  insulation  for  the 
reason  that  it  is  substituted  for  a  cable  having  \%  of  an  inch  around 
each  conductor,  and  none  around  the  bunch  of  three.  Should  the 
latter  form  of  cable  be  used,  it  would  perhaps  be  one  quarter  inch 
greater  in  diameter,  and  would  cost  at  least  25  per  cent  more.  The 
**  split  insulation,"  it  will  be  seen,  offers  the  thickness  (J J)  of  insu- 
lation needed  between  conductors,  and  the  same  thickness  between 
conductors  and  the  lead  sheath  as  in  the  old  style. 

Each  individual  conductor  before  assembling  is  tested,  after 
24  hours'  immersion  in  water,  with  a  break-down  test  of  16,000 
volts,  sustained  for  an  hour,  after  which  the  insulation  resistance 
must  measure  500  megohms  per  mile.  When  the  cable  is  com- 
pleted, and  laid  in  the  ground,  a  break-down  test  of  20,000  volts  is 
applied  for  an  hour,  and  at  the  expiration  of  this  test  the  insulation 
resistance  must  measure  1000  megohms  per  mile. 

Concentric  Cables,  The  Ferranti  mains  are  concentric  cables 
made  in  rigid  lengths  of  20  feet,  and  a  cone  sleeve  is  used  to  make 
the  connections.  The  main  consists  of  two  copper  tubes,  one  en- 
tirely within  the  other;  they  are  insulated  from  each  other  by 
brown  paper  steeped  in  black  wax,  the  outer  tube  being  covered 

with  the  same  material,  and 
the  whole  inclosed  in  an 
iron  tube. 

A  common  form  is  that 
of  an  inner  stranded  con- 
ductor, and  an  outer  con- 
ductor formed  by  a  layer  of 
spirally-wound  wires.  The 
jointing  of  these  cables  is 
made  by  upsetting  the 
outer  wires  and  clamping 
them  between  washers,  and 
connecting  the  washers  by 
a  strip  of  sheet  copper ; 
Fig.  240.  conowntrh  Cabie.  the   inner  conductors  can 

be  soldered,  or  clamped 
and  then  soldered.  This  kind  of  cable  is  shown  in  Fig.  240. 
Even  if  a  straight  soldered  inner  and  outer  joint  is  made,  the 
joint  is  so  bulky  that  a  coupling-box  is  clamped  on.     It  is  provided 
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with  rubber  washers  at  a,  or  these  chambers  are  filled  with 
asphalt,  to  make  them  water-tight,  and  the  main  chamber  filled  with 
compound.     Such  a  box  and  joint  are  shown  in  Fig.  241. 

There  is  this  difficulty  in  the  use  of  concentric  cables,  that  it  is 
not  possible  to  ascertain  the  condition  of  the  insulation  between 
the  two  conductors  without  cutting  out  the  dynamo,  transformer, 


fig.  241.    Cono9ntrto  Cable  Joints. 

or  Other  apparatus  in  the  circuit ;  and  therefore  the  insulation  can- 
not be  tested  while  the  circuit  is  working.  This  is  a  serious  dis- 
advantage, as  with  separate  cables  a  continual  test  may  be  kept  on 
the  circuit,  which  will  often  give  warning  before  the  fault  is  suffi- 
ciently developed  to  prevent  the  circuit  being  worked.  Thus  an 
opportunity  is  given  to  localize  the  fault  and  repair  before  any  inter- 
ruption of  the  lighting  takes  place. 

Joints  in  Cables.  —  Joints  in  solid  conductors  are  generally 
made  by  scarfing  the  ends  and  soldering ;  then  the  joint  is  tightly 
wrapped  with  a  serving  of  copper  wire,  or  a  split  sleeve  put  on,  the 
joint  being  again  soldered.     The  flux  must  contain  no  acid. 

Stranded  cables  are  made  solid  by  dipping  the  ends  in  solder, 
and  treated  as  above. 
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In  multi-conductor  cables  the  jointing  is  more  difficult  on 
account  of  the  lack  of  space,  and  the  necessity  of  getting  the 
insulation  between  the  conductors. 

The  joint  of  each  conductor  is  insulated  by  rubber  and  com- 
pound tape  to  the  desired  thickness. 

The  lead  covering  is  replaced  by  a  piece  of  pipe  previously 
slipped  on  the  cable,  being  soldered  to  the  lead  sheath,  or  a  wiped 
joint  may  be  applied.  The  object  in  both  cases  is  to  get  a  water- 
tight joint. 

In  some  cables,  after  this  lead  is  in  place,  holes  are  punched  in 
it,  and  hot  compound  poured  into  the  interstices  which  have  been 
left.     The  holes  are  then  soldered  up. 

Manholes.  —  The  various  systems  in  which  the  conductors  are 
drawn  into  iron,  earthenware,  or  wooden  conduits  usually  require 
manholes  to  be  located 
not  more  than  200  or 
300  feet  apart,  the  cables 
being  pulled  from  one  to 
the  other  by  means  of 
rope.  These  manholes 
ordinarily  consist  of 
chambers  of  brickwork 
of  the  general  form  rep- 
resented in  Fig.  242. 
They  should  be  provided 
with  two  covers,  the 
lower  one  being  screwed 
down  on  a  rubber  gasket 
so  as  to  be  water-tight, 
and  the  upper  one  rest- 
ing loosely  in  its  place, 

.     ^    .     .         n      -i        -It  ^^9'  2^2'    Croaa-aeotion  of  Manhole. 

but  bemg  flush  with  the 
surface  of  the  street,  as  indicated. 

According  to  the  kind  and  sizes  of  the  duct,  the  form  of  the 
manhole  will  change  slightly.  Fig.  243  shows  a  manhole  used  in 
connection  with  vitrified  multiduct  conduit.  Fig.  244  will  give  a 
good  idea  of  the  interior  of  a  manhole  looking  down  into  it  from 
the  street. 

In  dry  or  porous  soils  the  bottom  of  the  manhole  is  some  times 
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Elg.  243,    Brick  ami  Iron  Manhoi9^ 
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left  out  SO  as  to  drain  it ;  when  this  is  not  feasible  a  sewer  con- 
nection is  make  to  accomplish  the  same  result. 

The  typical  manhole  adopted  for  the  New  York  subways  is 
shown  in  Fig.  245,  being  drained  by  a  pipe  P  leading  to  the  sewer. 


Fig,  244,    yiew  Into  a  Manhot; 

Fig.  246  is  a  view  of  the  iron-pipe  conduit  used  extensively 
in  the  city,  showing  a  service  box  in  place,  being   practically  a 

small  manhole  with 
side  connections  for 
the  buildings.  Fig. 
247  shows  such  a  box. 
When  the  number  of 
the  ducts  is  not  large, 
as  in  local  distribution, 
the  manholes  and  ser- 
vice boxes  become 
mere  hand-holes. 

Drawing    in    the 
«   o^*    .,     ^  i.  o  ^      u   i. ,  Conductors. —  Since  a 

Fig.  246,    New  York  Subway  Manhole. 

duct  is  entirely  empty 
when  built,  and  is  usually  from  200  to  300  feet  long  between 
manholes,  it  is  necessary  to  employ  some  special  means  of  getting 
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fig,  246,    iron  Pipe  Conduit 


Fig.  247.    Service  Box  for  Terra  Cotta  Conduit, 
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Fig,  249.    Rods  for  "ttodding  ConduiU," 


a  rope  through  it  in  order  to  draw  in  the  cable.  One  plan  is  simply 
to  push  through  a  steel  tape  or  wire,  which  is  provided  with  a 
rounded  metal  head  to  prevent  the  end  from  catching  in  the  joints 
between  the  pipes.  By  means  of  this  tape  or  wire,  a  small  and 
then  a  large  rope  may  be  pulled  through  the  duct.  Another 
method  is  the  so-called  "rodding"  of  the  ducts,  a  20-minute  ope- 
ration, consisting  in  inserting  one  after  another  into  a  duct,  short 

rods  of  wood  or  steel,  about  3  or 
4  feet  long  and  J  inch  in  diameter, 
which  are  connected  together  by 
screw  or  bayonet  joints,  as  indicated 
in  Fig.  248.  When  a  sufficient 
number  have  been  joined  to  reach 
from  one  manhole  to  the  next,  a 
small  rope  is  attached  to  a  ring  in 
the  last  one,  and  the  rods  are  then  pulled  through  from  the  other 
end,  being  unjointed  as  they  come  out.  A  larger  rope  may  then 
be  drawn  through,  after  which  a  steel  scraper  and  a  brush  should 
be  pulled  through  the  duct  in  order  to 
clean  it,  and  remove  any  stones,  tools, 
etc.,  that  are  often  found  in  it  and  would 
be  very  likely  to  injure  the  cable.  These 
are  illustrated  in  Fig.  249. 

After  the  duct  has  been  cleaned  prop- 
erly, the  end  of  the  cable  is  attached  to  a 
heavy  rope  which  has  been  drawn  through 
the  duct  by  attaching  it  to  the  cleaning  implements.  In  attaching 
the  cable  to  the  rope,  care  should  be  exercised  to  avoid  bringing 
undue  strain  on  the  copper  conductor  or  its  insulation  during  the 
operation  of  drawing  in  the  cable.  This  may  be  done  by  putting  a 
conical  metallic  head  on  the  end  of  the  cable,  or  by  winding  several 
iron  wires  spirally  around  the  last  foot  or  two  of  the  cable,  and  form- 
ing these  into  a  loop  to  which  the  rope  is  attached.  For  hard  pulls 
and  curved  pipes  the  end  of  the  cable  is  served,  after  removing 
about  18  inches  of  the  lead  and  the  insulation.  The  strands  of  the 
cable  are  then  fanned  out,  and  divided  into  four  groups,  and  passed 
through  a  shackle  as  shown  in  Fig.  250 ;  they  are  bent  back  on 
themselves,  and  bound  tightly  with  spun  yarn  or  wire.  If  the  pull 
is  to  be  extra  hard,  an    iron  wire  may    be  also   put  through  the 


Fig.  249.    Scraper  and  Brush 
for  Conduit 
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shackle,  and  driven  through  the  lead  sheath.  This  gives  an  excel- 
lent hold  on  the  cable,  distributing  the  strain  over  all  the  conduc- 
tors, as  well  as  to  the  lead  covering. 


varn  servino 
fig.  250.    Attachment  for  Cable  to  Rope. 


Having  attached  the  cable  through  a  swivel  to  a  strong  rope,  it 
is  drawn  into  the  duct  by  means  of  an  apparatus  shown  in  Fig.  251. 
The  cable  unwinds  from  the  drum  D,  as  it  is  drawn  by  the  winch  W. 

It  is  evident  that  the  cable  should  be  somewhat  smaller  than 


Fig.  261.    Wineh  for  '* Drawing  in"  Cable. 

the  duct  through  which  it  is  drawn,  but  the  margin  need  not  be 
great.  For  example,  cables  2|  inch  in  diameter  can  be  drawn 
through  the  standard  3-inch  ducts.  When  several  cables  are  to 
be  put  in  the  same  duct  it  is  much  better  to  draw  them  all  in  at 
the  same  time  ;  but  it  is  possible  to  draw  one  into  a  duct  already 
containing  others,  provided  there  is  space  enough.  It  is  also  pos- 
sible to  withdraw  one  or  several  cables  from  a  duct  without  serious 
injury  to  them,  in  case  repair  or  change  becomes  necessary. 

Methods  of  Distribution  from  underground  conduits  constitute 
one  of  the  most  serious  problems  in  connection  with  them.  The 
main  or  trunk  lines  may  be  provided  for  by  the  various  forms  of 
conduit  that  have  been  described,  but  these  do  not  readily  allow 
branch  connections  to  be  made  at  frequent  intervals  to  supply  indi- 
vidual buildings.     It  is  decidedly  objectionable  to  complicate  and 
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weaken  the  construction  of  the  main  conduits  by  having  side  con- 
nections, so  that  the  best  plan  is  to  keep  those  intact,  and  provide 
a  subsidiary  duct  or  conduit  into  which  the  conductors  required  for 
local  distribution  are  run  at  one  of  the  manholes.  Such  an  arrange- 
ment is  shown  in  Fig.  252. 


Fig,  262.    Hand-ho/9  Distribution. 


In  Figs.  253  and  254  are  shown  iron  subsidiary  service  boxes 
for  use  in  connection  with  terra-cotta  conduits. 

The  Edison  system  of  distribution  is  well  shown  in  Fig.  255 
which  illustrates  also  a  distributing  box  and  service  box. 


Fig.  263.    Iron  Service  Box  for  Pips  Conduit. 

The  house  vault,  back  yard,  lamp-post,  housetop,  hand-hole 
methods  of  distribution  are  easily  seen  to  refer  to  the  way  by 
which  the  service  cable  passes  from  the  subway  to  the  building. 
Street  arc  lamps  may  be  supplied  as  indicated  in  Fig.  256. 
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In  Baltimore  there  is  a  complete  system  of  distribution,  shown 
in  Fig.  257,  and  consisting  of  two  separate  parts. 


Fig.  264.    iron  Seroioe  Box  for  Terra-Cotta  Conduit. 


Fig.  266.    EdlBOfi  System  of  Distribution. 

For  high-tension  distribution  there  is  a  wrought -iron  pipe  duct 
with  service  boxes  to  transformer  pits,  consumers,  etc.,  being  en- 
tirely a  subway,  and  entering  buildings  through  cellars. 
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For  low-tension  mains  there  is  a  conduit  system  of  wrought- 
iron  tubes,  cement-lined  tubes,  or  terra-cotta  duct,  leading  to 
pole  terminals  situated  on  each  block,  and  thence  overhead  to 
consumers. 

VENTILATION  OP  UNDERGROUND  CONDUIT  SYSTEMS. 

Considerable  difficulty  has  been  experienced  in  satisfactorily 
ventilating  subways  carrying  electric  light  and  power  conductors. 
When  these  systems  were  first  introduced  they  were  made  as 
nearly  as  possible  air-tight  and  the  covers  of  manholes  hermetically 


F\g,  266.    Lamp-poat  Connection, 

sealed.  The  porosity  of  the  material  forming  the  walls,  etc.^ 
defeated  this  end,  and  allowed  gas  to  enter  the  different  parts  of  the 
system  where  it  mingled  with  air.  The  blowing  of  a  fuse  or  a 
spark  due  to  some  other  cause  would  often  ignite  this  mixture  of 
air  and  gas,  and  destructive  explosions  sometimes  resulted. 

To  avoid  this  danger  pumping  equipments  were  arranged  to  re- 
move the  air  from  the  subways.  This  at  first  seemed  effective,  as 
it  tended  to  keep  the  air  in  the  subway  in  motion,  but  it  also  in- 
duced gas  to  enter,  due  to  the  partial  vacuum  caused. 

After  abandoning  this  scheme  a  new  arrangement  was  introduced 
known  as  the  blower  system.     This  was  based  on  the  idea  that  if 
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an  air  pressure  was  maintained  in  the  subway  it  would  prevent  out- 
side gas  from  entering.  The  fallacy  of  this  hypothesis  was  soon 
evident,  owing  to  the  law  that  if  two  gases  are  separated  by  a  porous 
diaphragm,  even  though  greater  pressure  is  maintained  on  one  side 


i 

I 


I 


^ 
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than  the  other,  the  gases  will  still  mix.  The  brick  walls  in  the 
subway  acted  in  this  case  as  the  diaphragm  ;  and  explosions  still 
occurred  after  the  introduction  of  this  ventilating  system,  although 
of  less  frequency  and  violence.     Tests  showed,  moreover,  that  the 
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two  electrodes  must  be  brought  together  before  being  separated  to 
establish  an  arc,  otherwise  several  thousand  volts  pressure  would 
be  required  to  strike  across  the  air-gap  in  the  first  place.  As  soon 
as  the  separation  of  the  terminals  commences,  the  spark,  which 
tends  to  form  at  any  break  in  a  circuit,  vaporizes  a  portion  of  the 
material  of  the  electrodes,  thus  establishing  a  bridge  of  conduct- 
ing vapor  through  which  the  current  flow  is  maintained.  The 
concentration  of  energy  in  a  small  space  produces  an  intense  heat, 
which  vaporizes  the  electrodes  rapidly,  so  that  a  highly  refractory 
terminal  must  be  employed  to  avoid  its  rapid  consumption.  More- 
over, the  intensity  of  light  given  out  by  the  arc  depends  on  the 
temperature  to  which  the  electrodes  can  be  heated  without  being 
vaporized,  therefore  a  highly  refractory  substance  like  carbon  best 
fulfills  the  requirements. 

Appearance,  When  an  arc  is  sprung  between  two  carbon  rods 
placed  vertically  one  over  the  other,  and  kept  about  one-eighth  of  an 
inch  apart,  a  constant  current  of  about  5  to  15 
amperes  will  produce  a  stationary  condition  after 
a  few  minutes  burning.  If  observed  through 
smoked  glass,  or,  better  still,  if  the  image  of  the 
arc  and  carbons  be  projected  upon  a  white  screen 
by  a  lens,  it  will  be  seen  that  both  carbons  tend 
to  become  bluntly  pointed,  because  oxidized  away 
by  the  heat ;  but  the  positive  carbon,  which  is 
usually  the  upper  on  account  of  its  emitting 
more  light,  will  have  a  hollow,  or  "crater,"  at 
the  tip.  This  may  be  .04  inch  deep  and  2.  inch 
across  under  average  conditions.  This  is  the 
hottest  and  most  luminous  portion  of  the  car- 
bons, attaining  a  temperature  of  approximately 
3500°  C.  as  Violle  proved,  breaking  it  off  and 
dropping  it  into  a  water  calorimeter.  The  in- 
tense heat  thus  generated  can  be  realized  when 
25a.  App9wrano9        the   melting   point   of   platinum   is    considered, 

of  Arc  Light  Carbons.  t:>     r  f 

which  is  1,775°  C.  The  negative  electrode  ex- 
hibits no  tendency  to  become  hollowed,  and  remains  pointed.  In 
fact,  the  carbon  particles  burned  from  the  tip  of  the  positive  car- 
bon tend  to  deposit  in  the  shape  of  a  point  or  nib  on  the  negative 
carbon,  which  is  much  cooler  and  less  luminous  than  the  positive. 
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Both  carbons  appear  luminous  some  distance  away  from  the  tips, 
this  being  especially  noticeable  on  the  positive.  If  the  carbons 
contain  impurities,  these  may  generally  be  seen  in  beads  near  the 
tips,  to  which  they  often  work  their  way  to  be  instantly  volatilized. 
Between  the  carbon  points  is  the  arc  stream  proper,  which  assumes 
a  bow  shape  even  when  the  carbons  are  vertical,  owing  to  the 
magnetic  action  of  the  earth's  lines  of  force  on  the  current.  The 
inner  portion  of  the  arc  stream  consists  of  a  violet  hub,  probably 
of  incandescent  carbon  vapor,  surrounded  by  a  thin  non-luminous 
portion  where  the  carbon  combines  with  the  oxygen  of  the  atmo- 
sphere in  dark  flame  to  form  carbon  monoxide  (CO).  This  is 
enveloped  in  turn  by  a  layer  of  luminous  flame  in  which  the 
carbon  monoxide  burns  to  carbon  dioxide  (COj).  The  magnified 
image  of  an  arc  on  a  screen  will  show  occasional  carbon  particles 
flying  from  the  positive  (which  on  the  screen  seems  to  be  the 
lower  carbon)  to  the  negative,  while  other  particles  are  thrown  off 
into  space  by  the  action  of  the  heated  air. 

Noise.  Under  favorable  conditions  the  arc  is  perfectly  quiet, 
but  emits  a  hissing  sound  like  frying  if  the  current  exceeds  the 
proper  value  for  the  length  of  arc  employed. 

Odor.  A  distinct  odor  is  noticeable  close  to  the  arc,  especially 
in  damp  weather,  probably  due  to  the  presence  in  small  quantities 
of  hydrocyanic  acid  gas.  Besides  this,  carbon  monoxide  and  diox- 
ide as  well  as  nitric  oxide  are  usually  present ;  but  none  of  these 
gases  is  given  off  in  sufficient  quantity  to  be  injurious  where  the 
voltage  of  the  arc  does  not  rise  above  65  in  air. 

After  some  minutes  burning,  it  will  be  observed  that  both 
carbons  waste  away,  the  positive  as  a  rule  being  consumed  in  the 
open  direct  current  arc  about  twice  as  fast  as  the  negative,  the 
ratio  depending  on  various  conditions.  For  this  reason  the  car- 
bons must  be  fed  together  by  hand  or  by  some  automatic  device, 
otherwise  the  length  of  the  gap  would  increase  until  its  resistance 
exceeded  the  power  of  the  generating  apparatus  to  maintain  a 
current  through  it. 

Physics  of  the  Arc.  —  Under  commercial  conditions  direct 
current  open  arcs  usually  consume  about  10  amperes  at  45  volts 
or  450  watts.  Thus  nearly  one-half  k.  w.  of  energy  is  con- 
centrated in  heating  up  the  small  extent  of  the  crater  and  arc,  re- 
sulting in  the  production  of  the  very  high  temperature  of  3500°  C. 
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taken  to  be  the  boiling-point  of  carbon.  That  carbon  is  vola- 
tilized in  the  arc  is  undoubtedly  a  fact.  The  surface  of  the  crater 
has  the  appearance  of  boiling;  the  hissing  noise  occurring  with 
excessive  current  density  is  similar  to  that  produced  by  violent 
boiling  of  water,  and  may  result  from  the  same  cause,  though 
carbon,  like  arsenic,  vaporizes  directly  from  the  solid  state.  Car- 
bon consumption  goes  on  in  a  vacuum^  although  at  a  slower  rate 
than  in  air,  and  the  vapor  thus  formed  condenses  on  the  sides  of 
the  inclosing  chamber.  These  facts  all  go  to  show  that  carbon  is 
actually  evaporated.  Such  being  the  case,  the  temperature  of  the 
surface  of  the  carbon  would  naturally  remain  stationary  at  this 
boiling-point,  like  the  temperature  of  boiling  water  at  atmospheric 
pressure,  whatever  the  heat  applied.  The  temperature  of  the 
negative  carbon,  except  at  its  extreme  point,  is  considerably  lower 
than  that  of  the  positive.  The  difference  is  due  to  the  fact  that 
the  larger  part  of  the  energy  is  transformed  into  heat  at  or  near 
the  surface  of  the  positive  carbon.  This  is  evident  from  the  rela- 
tive appearance  of  the  two  electrodes  and  is  demonstrated  experi- 
mentally by  measuring  the  distribution  of  potential  between  the 
carbons.  The  most  reliable  observations  show  that  about  40  volts 
drop  occurs  between  the  positive  and  the  arc  stream,  with  only 
2J^  volts  in  the  stream  and  ^  volts  between  the  stream  and  the 
negative  carbon. 

The  temperature  of  the  space  Ipetween  the  carbons  may  be 
much  higher  than  that  of  the  surface  in  the  same  way  that  steam 
can  be  superheated  above  the  point  at  which  it  is  evaporated,  there 
being,  in  fact,  no  limit  to  the  possible  rise  in  temperature.  Since 
the  current  is  conducted  by  the  highly  heated  vapor  present,  it  is 
to  be  expected  that  such  a  conductor  will  be  heated  by  the  passage 
of  a  current  the  same  as  a  solid  or  a  liquid. 

Theory.  —  It  is  evident  that  the  amount  of  carbon  vaporized 
at  the  positive  crater  forming  the  arc  stream  will  vary  with  the 
current,  therefore  the  resistance  of  the  arc,  which  varies  inversely 
with  its  cross-section,  varies  inversely  with  the  current.  In  this 
respect  the  arc  is  totally  unlike  solid  or  liquid  conductors,  whose 
resistance  is  independent  of  the  current,  other  conditions  remain- 
ing the  same.'  Hence  Ohm's  law  in  its  general  form  is  inapplica- 
ble to  the  arc  stream. 

The  fact  that  the  phenomena  at  the  arc  are  more  or  less  rever- 
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sible,  since  the  vaporized  carbon  can  again  be  converted  into  the 
solid  state  by  condensation,  points  to  the  existence  of  a  counter- 
electro-motive  force y  and  since  the  temperature  of  the  vaporization 
is  constant,  or  nearly  so,  the  counter  electro-motive  force  should 
also  be  constant,  which  appears  to  be  the  case.  Physicists  have 
long  sought  to  isolate  and  determine  this  experimentally,  and  it 
would  seem  that  such  a  definite  physical  problem  could  easily  be 
solved  ;  but  there  are  peculiar  difficxilties,  which  up  to  the  present 
time  have  rendered  all  methods  and  results  questionable.  There 
are  great  difficulties  connected  with  retaining  the  arc,  whose  car- 
bons are  constantly  changing,  at  a  constant  condition,  and  a  long 
time  is  required  to  permit  the  arc  to  assume  a  stationary  state*. 
Further,  the  depth  of  the  crater,  and  consequently  the  true  length 
of  the  arc,  is  very  hard  to  measure  at  any  given  moment.  Again, 
the  resistance  varies  with  the  length  of  the  arc  and  in  some 
inverse  ratio  with  the  current.  Add  to  this  the  difficulty  of 
securing  pure  carbons  whose  density,  electrical  conductivity,  and 
heat  conductivity  are  uniform  throughout,  and  the  utter  impossi- 
bility of  retaining  the  counter-electro-motive  force  after  the  cur- 
rent which  induces  it  has  ceased  to  flow,  and  the  difficulties  be- 
come more  apparent.  By  indirect  methods  an  approximate  value 
of  35  to  39^  volts  has  been  arrived  at  for  arcs  of  10  amperes  and 
45  volts  and  pure  carbons.  The  indications  point  to  a  counter- 
electro-motive  force  at  the  arc,  variable  with  the  current  and  other 
conditions.  In  fact,  it  is  very  likely  that  it  consists  of  a  combina- 
tion of  two  or  perhaps  more  separate  electro-motive  forces ;  one 
due  to  the  volatilization  of  the  carbon,  another  due  to  the  thermo- 
electric effect  at  the  positive  carbon,  and  perhaps  still  another 
thermo-electric  potential  at  the  negative  carbon. 

Voltage  dependent  on  Boiling  Point.  —  From  what  has  already 
been  said,  it  seems  probable  that  whatever  tends  to  raise  the  boil- 
ing point  of  carbon  will  likewise  raise  the  voltage  required  to 
maintain  an  arc,  a  conclusion  confirmed  by  experiment.  Increase 
of  atmospheric  pressure,  other  conditions  being  constant,  increases 
the  arc  voltage.  Similarly  we  should  be  able  to  reduce  the  voltage 
by  lowering  the  vaporizing  point  of  the  crater,  an  effect  which  is 
found  to  result  when  more  volatile  substances,  such  as  the  salts  of 
the  earth  metals,  are  introduced,  usually  in  the  form  of  a  core. 

Resistance.  —  The  resistance  of  an  arc,  like  that  of  any  other 


Digitized  by  VjOOQIC 


802  ELECTRIC  LIGHTING. 

conductor,  increases  with  its  actual  length,  and  diminishes  with  its 
cross-section.  The  length  of  an  arc  usually  given  is  the  apparent 
length ;  that  is,  the  distance  from  the  edge  of  the  crater  to  the  tip 
of  the  negative.  The  true  length  is,  of  course,  the  distance  from 
the  bottom  of  the  crater  to  the  tip  of  the  negative.  A  case  may 
easily  be  imagined  where,  owing  to  the  varying  depth  of  the  crater, 
the  apparent  length  might  be  diminished  yet  the  actual  length 
increased.  Failure  to  distinguish  between  these  two  is  apt  to 
result  in  misleading  conclusions.  The  cross-section  of  the  arc 
varies  at  different  points  between  the  carbons,  since  it  has  a  ten- 
dency to  spread  out  from  electric  repulsion,  which  causes  its 
section  to  be  greatest  about  midway  between  the  carbon  points. 
The  arc  stream  tends  to  spread  out  farther  as  the  carbons  are 
drawn  apart.  The  area  of  the  crater,  which  is,  of  course,  one  end 
of  the  arc  stream,  has  been  found  by  Ayrton  to  vary  approxi- 
mately according  to  this  law :  D  =  .128  X  .15  A  ;  where  D  is  the 
diameter  in  inches,  and  A  is  the  airrent  expressed  in  amperes. 

The  resistance  of  the  10-ampere  arc  is  ^V  to  ^  an  ohm  for 
arc  lengths  from  about  ^^  to  an  ^  of  an  inch  in  length.  Houston 
and  Kennelly  give  5  ohms  per  inch  as  a  rough  general  value. 

Carbons.  —  There  are  two  classes  of  carbons  used  in  arc  light- 
ing, solid  and  cored.  They  may  be  of  any  diameter.  For  the 
sizes  usually  employed  the  average  resistance  is  0.15  ohms  per 
foot. 

Solid  carbons  vary  according  to  their  purity,  molecular  struc- 
ture, and  hardness.  Cored  carbons  are  solid  except  for  a  hole 
running  axially  through  the  carbon,  filled  with  some  material  more 
soft  and  volatile  than  the  remaining  carbon  —  being  usually  a  mix- 
ture of  carbon  and  some  metallic  salt. 

Object  of  Core,  The  object  of  this  core  is  first  to  decrease 
the  voltage  for  a  given  length  of  arc,  as  already  explained,  or  to 
increase  the  length  for  a  given  voltage.  This  has  the  initial  effect 
of  reducing  any  irregularity  in  carbons  or  the  feeding  mechanism  to 
a  less  percentage  of  the  whole  length.  Further,  the  core,  by  afford- 
ing a  plentiful  supply  of  vapor,  tends  to  maintain  a  stable  condi- 
tion of  the  arc.  It  also  keeps  the  arc  located  in  one  spot,  and 
prevents  the  tendency  to  travel  irregularly  around  the  carbon  due  to 
the  arc  seeking  the  path  of  least  resistance.  When  this  traveling 
occurs  it  gives  rise  to  an  objectionable  flicker,  owing  to  the  shadow 
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of  the  carbons  being  shifted  in  different  directions,  and  to  the  vari- 
ations of  energy  which  occur  faster  than  the  mechanism  can  follow. 
A  core  may  be  employed  also  to  modify  the  color  of  the  light,  as 
for  instance  to  produce  a  yellowish  tinge  due  to  the  well-known 
sodium  flame.  With  these  facts  in  mind,  we  can  explain  many 
phenomena  found  in  arcs  as  used  in  practice. 

Carbon  Consumption.  —  With  similar  carbons  placed  vertically 
one  over  the  other,  the  relative  consumption  will  depend  on  the 
amount  carried  off  by  :  — 

Volatilization  and  electrolytic  action. 

Oxidation  of  the  air. 

Mechanical  disintegration  by  air  currents. 

When  carbons  of  different  diameters  are  used,  their  life  in- 
creases roughly  in  proportion  to  their  sectional  area,  barring  the 
oxidation  of  the  air.  The  latter  is  frequently  reduced,  and  the; 
conductivity  of  the  carbon  increased,  by  plating  about  nine-tenths 
of  their  cylindrical  surface  with  a  thin  layer  of  copper,  leaving  the 
tip  uncoated ;  but  the  primary  object  of  the  plating  is  to  reduce 
the  contact  resistance  of  the  carbon. 

Volts  and  Amperes.  —  The  volts  and  amperes  required  depend 
greatly  upon  circumstances;  but  for  the  open  arcs  usually  employed, 
the  amperes  range  from  six  to  ten,  and  the  volts  from  forty-two 
to  fifty-two :  a  common  value  would  be  47  volts  and  9.6  amperes. 
In  search-light  projectors  much  heavier  currents  are  frequently 
employed,  from  50  to  150  or  200  amperes,  with  voltages  from  48 
to  53.  With  these  heavy  currents,  the  carbons  become  hotter, 
and  are  oxidized  farther  back  from  the  ends,  resulting  in  longer 
points. 

Physical  Phenomena.  —  The  positive  carbon  wastes  away  elec- 
trolytically  inside  of  the  crater,  and  by  the  action  of  the  air  outside 
of  the  crater,  causing  it  to  waste  away  about  twice  as  rapidly  as 
the  negative  in  the  open  arc.  The  negative  carbon  is  consumed  by 
oxidation  of  the  air  alone,  according  as  its  temperature  is  increased 
by  the  carbon  particles  deposited  on  it,  and  by  the  heat  reverber- 
ated from  the  positive  crater.  The  closer  the  positive  approaches 
the  negative,  the  greater  will  be  its  roasting  effect  on  the  latter. 
With  very  short  arcs,  the  deposit  of  graphitic  carbon  upon  the 
negative  accumulates  faster  than  it  wastes  away,  so  that  it  forms  a 
nib   or  second   point   on    the  top  of  the   negative  which  finally 
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crumbles  away.  This  action  may  or  may  not  be  accompanied  by 
a  hissing  noise. 

Carbon  turns  to  Graphite.  Carbon  that  has  been  exposed  to 
the  heat  of  the  arc  turns  to  graphite.  The  hard  pencils  of  solid 
carbon  used  for  high-tension  lamps  will  not  mark  paper  before 
being  used.  After  having  been  burned  a  few  minutes  the  tip  of 
the  negative  will  write  black  like  a  pencil,  and  even  the  point 
of  the  positive  will  show  some  graphite. 

Electrical  Relations.  —  With  both  solid  and  cored  carbons  a 
point  may  be  reached  when  the  voltage  will  be  constant  if  the 
arc  length  and  current  are  kept  the  same.  This  is  called  the 
stationary   state.     In   Fig.   259  the   relation  of   the  voltage  to 


F\g,  269.    Voltage  and  Current  with  Cored  Carbons. 

current  is  plotted  for  several  apparent  arc  lengths  with  both 
carbons  cored.  It  will  be  noted  that  with  short  arcs,  less  than 
uV  inch  long,  the  voltage  rises  as  the  current  increases,  due  to 
the  increased  CR  drop.  With  arcs  longer  than  ^^  inch,  on  the 
other  hand,  the  voltage  falls  with  increasing  current,  due  to  the 
expansion  of  the  long  arc,  whose  larger  cross-section  more  than 
compensates  for  the  drop  caused  by  increasing  current.  This,  at 
one  time,  gave  rise  to  a  theory  that  the  arc  had  a  negative  resist- 
ance, an  entirely  unwarranted  conclusion.  For  arcs  of  ^  inch,  the 
spreading  action  of  the  stream  exactly  counterbalances  the  increase 
current ;  so  that  for  this  arc  length  the  voltage  remains  constant 
within  wide  fluctuations  of  current.  In  arcs  shorter  than  ^  inch 
the  stream  has  no  room  to  spread  laterally.     Another  reason  for 
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the  lower  voltage  with  increased  current  shown  by  the  curves  of 
longer  arcs  is  that  the  current  increases  while  the  cooling  surface 
does  not,  so  that  less  energy,  and  consequently  less  voltage,  are 
required  to  maintain  the  arc  at  the  same  temperature. 

Effect  of  Cored  Carbons,     The  same  relations  are   shown  in 
Figs.  260  and  261,  except  that  the  results  are  for  a  cored  and 


fig,  290.    Vottag*  and  (hinwit  mitk  8otid  wad  Oofd  Carbons. 


Fig.  201.    Voltage  and  Current  with  Solid  Carbons. 
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solid,  and  for  two  solid  carbons  respectively.  The  former  show 
conditions  approaching  those  found  when  using  both  carbons  cored. 
But  beyond  a  certain  current  strength  all  the  arcs  pass  through  a 
condition  of  unstable  equilibrium,  and  no  length  can  be  found 
where  the  voltage  will  remain  constant  for  all  currents,  plainly 
demonstrating  one  of  the  advantages  of  using  cored  carbons. 
When  both  carbons  are  solid  no  length  of  arc  gives  even  approxi- 
mately constant  voltage  with  varying  current  and  a  quiet  arc. 
The  constant  voltage  beyond  the  unstable  condition  is  for  hissing 
arcs.  With  cored  carbons  the  voltage  is  from  3  to  6  volts  less  than 
with  solid  carbons,  owing  to  the  greater  volatility  of  the  electrode. 
Resistance  of  the  Arc.  —  If  the  current  is  kept  constant  the 
resistance  of  any  arc  increases  with  its  length.  With  solid  carbons 
the  ratio  is  a  linear  one  as  shown  by  Fig.  262,  and  nearly  so  for 
cored  q^rbons  as.given  in  Fig.  263. 
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Fig.  262.    Resistance  for  Different  Arc  Lengths  with  Solid  Carbons. 
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As  explained  before,  if  the  current  is  variable,  the  resistance  of 
the  arc  stream  proper  varies  inversely  with  the  current.  There- 
fore, the  apparent  resistance  of  the  arc,  which  is  the  quotient  of 
the  volts  and  amperes,  may  be  expressed  by  the  formula, 

where  x  is  some  quantity  varying  inversely  with  the  current  and  a 
is  a  constant.     Multiplying  both  sides  by  the  current  /  we  have 

IR^xI'\-aIL 

IR  ^  E  and  xl  is  composed  of  a  term  varying  inversely  with  the 
current  and  one  directly  proportional  to  it,  so  that  we  may  sub- 


Fig.  263.    Resistanoe  for  Diffjrent  Arc  Lengths  uiith  Cored  Carbons. 
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stitute  a  constant  m  for  it.  We  may  also  substitute  a  value  n 
for  the  product  al^  so  that  the  voltage  E  at  the  arc  is 

The  most  prebable  values  of  these  quantities  for  good  solid  carbons 
seem  to  be  those  obtained  by  Duncan  and  Rowland  for  good  pare 
carbons,  namely,  »i  =  40.6  and  n  =  40,  where  /  is  the  length  of 
the  arc  expressed  in  inches. 

Watts  at  Arc.  —  If  the  current  is  kept  constant  the  watts 
increase  in  a  linear  ratio  with  increase  of  arc  length  as  shown  by 
Fig.  264.  If  the  arc  length  is  constant  and  the  current  increases, 
the  watts  will  vary  in  a  similar  manner,  as  shown  by  Fig.  266. 

Hissing  Arc.  —  When  an  arc  is  shortened,  or  its  current  in- 
creased until  it  hisses,  the  voltage  drops  10  to  20  volts,  and  stays 
constant  even  when  the  current  varies  greatly  (Figs.  260  and  261), 
for  which  no  satisfactory  explanation  has  been  afforded. 

Photometry  of  the  Arc.  —  The  chief  source  of  light  in  the  arc 
is  the  intensely  heated  crater,  which  gives  about  85  per  cent  of  the 
total  light.  The  arc  proper,  or  flame  between  the  electrodes,  is  almost 
non-luminous,  giving  only  about  6  per  cent,  while  the  tip  of  the 
negative  carbon  gives  about  10  per  cent.  Owing  to  the  form  and 
arrangement  of  the  carbons,  as  shown  in  Fig.  268,  most  of  the 
light  is  thrown  down  when  the  positive  carbon  is  above,  as  it  usually 
is.  The  exact  distribution  varies  with  the  current,  carbons,  and 
other  conditions  ;  but  the  general  distribution  of  light  from  a  con- 
tinuous current  arc  is  shown  in  Fig.  266.  The  lengths  of  lines 
drawn  from  the  arc  to  points  on  this  curve  represent  the  relative 
candle-power  at  different  angles.  It  is  evident  from  this  diagram 
that  it  is  possible  to  obtain  various  values  for  the  candle-power  of 
the  arc  according  to  how  the  measurement  is  made.  As  a  matter 
of  fact,  candle-power  is  actually  measured  in  four  different  ways  : 

Candle-Powers.  —  1.  The  mean  horizontal  candle-power,  usu- 
ally the  smallest  of  the  four,  being  the  average  in  all  directions  in 
a  horizontal  plane. 

2.  The  mean  hemi^herical  candle-power,  usually  greater  than 
the  last,  which  is  the  average  obtained  by  making  measurements  in 
all  directions  and  angles  below  the  horizontal,  showing  the  average 
value  of  the  illumination  thrown  downwards. 

3.  The  mean  spherical  candle-power,  determined  in  a  similar 
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Fig.  264.    Powr  consumed  for  Different  Arc  Lengths. 
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way,  but  the  mean  of  measurements  at  all  angles  above  and  below 
the  horizontal.  This  gives  the  true  average  candle-power  of  the 
arc  in  all  directions. 


¥lg.  266,    Powr  oonaumtd  for  Diffwnt  Curnnt  Strtngtha. 


Fig.  266.    Light  DIatribution,  Direct  Currant  Open  Are. 

4.  The  maximum  candle-power  found  by  making  observations 
in  all  directions  to  ascertain  the  greatest  candle-power.  This  is 
usually  found  at  an  angle  of  40  degrees  below  the  horizontal. 
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The  term  *' nominal  candle-power''  is  often  employed  in  com- 
mercial work,  meaning  a  value  arbitrarily  agreed  upon  to  corre- 
spond to  a  certain  consumption  of  energy  at  the  arc.  Thus  an  arc 
consuming  450  watts  is  assumed  to  have  2,000  nominal  candle- 
power,  and  one  of  300  watts  to  have  1,200  candle-power  ;  although 
these  figures  greatly  exceed  the  true  spherical  candle-power,  they 
may  come  somewhere  near  the  maximum  under  favorable  condi- 
tions. As  a  matter  of  fact,  the  relation  between  watts  and  candle- 
power  is  quite  variable,  as  shown  later. 

Of  the  various  candle-powers  the  mean  spherical  candle-power 
is  the  most  absolute  and  important,  but  unfortunately  is  the  most 
difficult  to  determine.  The  mean  hemispherical  candle-power  may 
be  properly  considered  where  illumination  is  required  in  one  direc- 
tion only,  as  in  street-lighting,  where  the  light  is  thrown  outward 
and  downward.  The  mean  horizontal  candle-power  is  of  no  special 
importance,  the  light  given  off  in  a  horizontal  plane  being  of  no 
more  value  than  that  emitted  in  any  other  direction ;  but  it  is  quite 
easily  measured,  and  often  approximates  closely  to  the  mean  spher- 
ical. This  is,  however,  not  always  the  case,  and  cannot  be  gene- 
rally relied  upon.  The  formula  due  to  Gerard  is  sometimes 
employed  to  find  the  mean  hemispherical  candle-power  by  simply 
measuring  the  horizontal  and  maximum  candle-power,  the  expres- 
sion being : 

Mean  hemispherical  candle-power  =  i  mean  horizontal  -h  \  max- 
imum. This  gives  only  approximate  results,  but  can  be  used  to 
save  the  trouble  of  making  a  large  number  of  photometric  deter- 
minations. 

Relation  of  Light  to  Current.  —  Investigating  the  factors  influ- 
encing the  amount  of  light  giv^n  off  by  the  arc,  Violle  found  that 
the  quantity  emitted  by  a  unit  surface  of  the  crater  was  the  same, 
whether  the  arc  current  be  10  or  1,000  amperes.  This  was  to 
have  been  expected,  since  the  crater  cannot  be  heated  beyond  its 
point  of  volatilization  and  still  remain  in  the  solid  state.  The  light 
*  is  therefore  roughly  proportional  to  the  area  of  the  crater.  The 
spherical  candle-power  is  also  approximately  proportional  to  the 
total  number  of  watts  utilized  in  the  arc,  but  is  of  course  affected 
by  anything  that  varies  the  efficiency. 

Efficiency.  —  By  the  efficiency  of  the  arc  is  meant  the  ratio  of 
the  luminous  flux  to  the  total  heat  and  light  radiation.     Anything 
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that  tends  to  dissipate  the  energy  at  any  place  other  than  the 
crater  of  the  positive  carbon  diminishes  the  efficiency. 

The  arc  is  the  most  efficient  source  of  illumination  known. 
The  most  generally  accepted  value  for  its  efficien/y  is  13  per  cent. 
The  corresponding  figures  for  the  other  sources  of  light,  are  for  the 
candle  1^  per  cent,  the  gas-flame  1  per  cent,  the  Welsbach  light 
2^  per  cent,  and  the  magnesium  light  12  per  cent. 

The  efficiency  of  the  incandescent  electric  light  is  about  5 
per  cent.  These  values  are  comparative  but  probably  too  high. 
Among  the  causes  that  modify  the  efficiency  of  the  arc  are  these : 

1.  The  structure,  density^  and  composition  of  the  carbons. 
These  affect  both  the  volatilization  point,  and  hence  the  tempera- 
ture, as  well  as  the  thermal  conductivity  upon  which  depends  the 
amount  of  heat  conducted  away  by  the  carbons,  which  is  lost 
energy.     Purity,  softness,  and  evenness  are  desirable. 

2.  The  cross-section  of  the  carbons.  Large  carbons  conduct 
and  radiate  more  heat  than  small  ones  for  equal  currents,  hence  for 
a  given  current  the  efficiency  diminishes  about  inversely  as  the 
diameter  of  the  carbon  increases. 

3.  The  existence  of  a  soft  core  reduces  the  temperature  of  the 
crater,  and  tends  to  lower  the  efficiency^ 

Current  and  Voltage.  —  The  division  of  the  watts  at  the  arc 
into  current  and  voltage  is  extremely  important,  depending  on 
various  factors  not  yet  understood.,  Carhart  found  that  with  450 
watts  at  the  arc,  made  up  of  10  amperes  and  46  volts,  he  got  a 
maximum  candle-power  of  450 ;  while  with  the  same  number  of 
watts  in  8.4  amperes  and  54  volts  he  obtained  900  maximum  candle- 
power,  just  twice  as  much.  Blondel,  however,  finds  the  luminous 
flux  greatest  usually  below  45  volts.  •  The  discrepancies  are  prob- 
ably due  to  differences  in  size  and  quality  of  carbons,  because  there 
is  naturally  a  certain  current  density  for  each  carbon,  which  gives 
the  best  results. 

Commercial  Values  of  Voltage  and  Current.  —  The  value  of 
45  to  47  volts  at  the  arc,  reached  after  years  of  commercial  expe- 
rience, is  probably  the  best.  At  this  point  the  efficiency  is  high, 
and  the  conditions  are  about  half-way  between  hissing  and  the 
flaming  points.  At  this  voltage,  too,  as  the  curves  show,  the 
voltage  at  the  arc  is  only  slightly  affected  by  fluctuations  in  the 
current  strength.     Ordinary  current  values  range  from  6.5  to  10 
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amperes  for  long  arcs'  in  air.  Greater  voltage  is  inadvisable,  as 
it  reduces  the  number  of  arcs  that  can  be  placed  in  one  series,  in- 
creases carbon  consumption,  tends  to  produce  flaming,  and  intro- 
duces too  much  energy  in  a  single-light  unit. 

Less  current  than  6.5  amperes  gives  too  little  light  for  a  unit, 
used  under  conditions  suitable  for  a  series  circuit.  On  constant 
potential  systems  small  open  arcs  of  low  current  have  been  at- 
tempted, but  without  much  success.  The  low  current  arc  has  a 
large  cooling  surface  for  the  energy  used.  If  for  some  of  the  rea- 
sons given  later  in  detail,  the  current  in  the  arc  falls,  the  propor- 
tion of  the  cooling  surface  to  the  energy  is  greatly  increased,  in 
fact  to  such  an  extent  that  the  arc  flickers  violently  or  is  put  out 
by  the  chilling  effect.  Where  arcs  are  inclosed  in  /leat-retaining- 
bulbSy  the  current  may  be  greatly  reduced  before  this  effect  takes 
place. 

Comporitlon  of  Light.  —  The  composition  of  the  light  of  the 
arc  has  been  determined  by  Meyer  to  be  as  follows,  where  the 
intensity  of  the  yellow  light  is  expressed  by  unity.  Red  and 
orange  2.09,  yellow  1.00,  green  0.99,  blue  0.87,  indigo  1.03,  and 
violet  1.21.  Taking  the  intensity  of  red  as  100,  Abney  gives  for 
direct  sunlight ;  Red  100,  green  193,  violet  228 ;  while  for  arc 
light  his  figures  are :  Red  100,  green  203,  and  violet  250.  P^or 
gas-light  he  found  the  values  to  be  :  Red  109,  green  95,  and 
violet  27. 

The  composition  of  the  light  of  the  arc  may  be,  however, 
greatly  changed  by  the  hardness  of  the  carbon,  the  material  of  the 
core,  and  by  the  current  and  voltage.  Hardness  usually  deter- 
mines the  maximum  temperature  of  the  crater,  while  the  current 
and  voltage  alter  the  proportions  of  the  light  fluxes  coming  from 
the  yellow  crater  and  from  the  violet  arc  stream.  The  vapor  of 
the  core  acts  to  color  the  light  as  well  as  to  determine  the  volatil- 
ization  point  of  the  crater. 

The  color  of  the  arc  light  approaches  very  nearly  to  sunlight, 
and  it  has  the  remarkable  quality  of  producing  a  similar  sunburn. 
Great  caution  is  necessary  on  this  account  in  avoiding  exposure  of 
the  eyes  to  the  arc  at  close  range,  otherwise  a  painful  sunburn  of 
the  eye,  producing  a  tedious  inflammation,  is  apt  to  result.  This 
can  be  avoided  only  by  protecting  the  eyes  on  all  sides  with  leather 
goggles  fitted  with  smoked  glasses. 
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Short  Arcs.  —  In  the  earlier  days  of  arc  lighting,  so-called 
**  short "  arcs  were  employed,  taking  18  or  20  amperes  at  about 
26  volts  with  an  apparent  arc  length  of  3V  to  g*y  of  an  inch.  The 
object  of  such  a  short  arc  was  to  increase  the  number  of  arcs  that 
could  be  operated  in  series  by  a  given  voltage.  Owing  to  the  large 
current,  the  carbon  consumption  was  high  and  the  line  drop  ex- 
cessive, so  that  these  causes,  combined  with  the  frying  sound  and 
delicacy  of  regulation  required,  have  brought  about  their  abandon- 
ment. The  long  arc  now  employed  in  open  arc  lamps  has 
roughly  half  the  current  and  double  the  voltage.  The  carbon 
carried  off  the  positive  by  electrolytic  action  is  of  course  only  half 
as  great ;  but  the  longer  arc  affords  more  opportunity  for  the  air 
to  oxidize  the  carbon,  so  that  the  carbon  life  in  the  long  arc  is  not 
proportionately  increased, 

Unstable  Arcs.  —  Between  the  condition  of  a  short  arc  and  a 
long  arc  there  lies  a  zone  of  instability  for  which  the  probable 
analogy  is  the  concussive  boiling  of  water  on  the  dividing  line 
between  the  stage  of  rapid  evaporation  and  quiet  ebullition.  After 
the  long  arc  is  reached,  it  is  necessary,  in  order  to  maintain  a 
fixed  voltage  at  the  arc,  to  increase  the  distance  between  the 
electrodes  as  the  current  increases.  The  difference  in  the  relative 
life  of  the  carbons  in  the  long  arc  and  in  the  short  arc  is  quite 
marked.  In  the  short  arc  the  positive  wastes  away  rapidly  owing 
to  the  heavy  current,  while  the  deposition  of  carbon  on  the  nega- 
tive is  almost  sufficient  to  prevent  waste ;  besides  which  the  air 
currents  have  not  sufficient  room  to  form  in  the  short  arc. 

Blowing  Out  of  the  Arc.  —  A  peculiar  feature  of  all  arcs  is  their 
liability  to  be  blown  by  a  strong  gust  of  air  unless  fed  by  a  con- 
stant current  machine  which  cannot  fail  to  maintain  the  current. 
A  magnet  will  also  blow  out  an  arc  if  the  pole  is  brought 
sufficiently  close.  This  magnetic  action,  as  previously  stated, 
causes  the  bow  shape  characteristic  of  the  arc,  and  in  the  case  of 
an  alternating  current  causes  the  arc  stream  to  rapidly  bend  from 
side  to  side  across  the  earth's  line  of  force.  The  blowing-out 
tendency  of  the  magnet  is  frequently  employed  to  direct  the  arc 
upon  metals  for  the  purpose  of  melting  or  heating  them,  as  well  as 
in  various  magnetic  blow-out  devices,  in  which  the  blowing-out 
effect  rapidly  extinguishes  an  arc  formed  between  two  contacts 
liable  to  be  melted  by  the  continued  action  of  the  current. 
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Arc  on  Constant  Potential  Circuits.  —  When  arcs  can  be  run  in 
series  on  circuits  furnished  by  constant  current  machines  they  have 
the  great  advantage  of  having  the  current  maintained  as  long  as 
the  arc  is  not  cut  out  of  the  circuit,  so  that  irregularities  in  the 
arc  or  mechanism  produce  only  a  variation  in  the  intensity  of  the 
light,  but  the  illumination,  good  or  bad,  is  always  maintained. 

It  is,  however,  often  desirable  to  run  arc  lamps  on  constant 
potential  mains  at  the  usual  110  or  220  volts  pressure,  where  the 
current  is  no  longer  constant  unless  a  device  is  introduced  to  make 
it  so.  Every  constant  potential  arc  lamp  has  a  mechanism  of  this 
kind  contained  in  the  case  whose  function  is  to  separate  the 
carbons  when  the  current  is  too  high,  and  bring  them  together 
when  it  is  too  low.  If  well  made  and  adjusted,  such  a  regulator 
may  respond  to  current  variations  of  five  per  cent  either  side  of 
the  value  at  which  it  is  set,  which  might  be  expected  to  maintain 
a  practically  constant  current.  Such,  however,  is  not  the  case. 
An  arc  whose  carbons  are  fed  by  a  mechanism  of  this  kind,  if 
connected  directly  to  a  constant  potential  main,  will  behave  in  the 
most  erratic  manner,  even  if  it  be  started  by  hand  regulation,  and 
allowed  to  warm  up  before  the  test.  The  mechanism  adjusted  to 
respond  to  five  per  cent  current  variation  now  utterly  fails  to  keep 
the  current  anywhere  nearly  constant,  and  the  arc  is  very  unsteady. 
This  is  true  even  if  the  voltage  of  the  mains  corresponds  to  the 
voltage  desired  at  the  arc. 

The  reason  for  it  lies  in  the  fact,  shown  by  previous  curves,  that 
the  resistance  of  an  arc  decreases  as  the  current  increases,  which 
results  in  a  tendency  for  the  current  to  become  almost  infinite  if 
constant  potential  is  maintained  across  its  terminals.  Similarly,  if 
the  current  begins  to  decrease,  and  so  lessen  the  cross-section  of 
the  arc,  the  resistance  rises  and  further  chokes  off  the  current, 
until  the  arc  goes  out.  The  arc  when  directly  connected  to  con- 
stant potential  mains  is  therefore  in  a  state  of  unstable  equilibrium, 
in  which  the  current  tends  to  drop  to  zero  or  surge  toward  infin- 
ity. This  action,  depending  as  it  does  only  on  the  instantaneous 
cross-section  of  carbon  vapor  at  any  moment,  is  itself  instan- 
taneous. The  mere  inertia  of  a  mechanism  retards  it  so  much  that 
the  arc  is  out  before  the  regulator  has  perceptibly  moved.  The 
means  used  to  counteract  the  instability  of  the  arc  must  operate 
as  fast  as  the  current  change  can  take  place.     Such  an  auxiliary 
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regulator,  although  an  inefficient  one,  is  made  by  the  simple 
expedient  of  inserting  a  serifes  resistance  between  either  side  of 
the  arc  and  the  mains. 

The  mechanism  keeps  the  average  current  constant  by  increasing 
or  decreasing  t/ie  length  of  the  arc.  The  resistance  overcomes  the 
tendency  toward  rapid  fluctuation  by  automatically  and  instan- 
taneously raising  or  lowering  the  voltage  across  the  arc  gaps  as 
required.  As  an  illustration,  assume  an  arc  to  be  connected 
to  constant  potential  mains  of  40  volts,  and  the  regulating 
magnet  to  be  wound  to  pass  10  amperes  with  a  normal  length 
of  arc.  If  for  some  reason  the  current  suddenly  drops  to 
8  amperes  the  resistance  of  the  arc  rises,  though  its  length  may 
not  have  changed,  and  it  requires  more  than  40  volts  to  bring  the 
current  back  to  10  amperes  and  maintain  it,  therefore  the  arc  goes 
out.  If  now  we  connect  the  same  lamp  in  series  with  a  oiie-ohm 
resistance  to  a  60-volt  circuit,  the  current  again  10  amperes,  the^ 
lamp  will  have  40  volts  at  the  terminals  as  before.  Now  let  the 
current  fall  to  8  amperes.  The  drop  through  the  resistance  is 
only  8  volts,  and  we  have  50  —  8  =  42  volts  at  the  arc,  which  is 
sufficient  to  force  more  than  8  amperes  through  it,  and  so  restore 
the  current  to  the  normal  10-ampere  value.  The  resistance  in 
series  is  sufficient  when  the  rise  of  voltage  at  the  arc,  caused  by 
less  drop  in  the  resistance,  suffices  to  force  the  original  current 
through  it,  in  spite  of  its  diminished  cross-section.  If  too  little 
resistance  is  used,  a  given  decrease  of  current  will  not  produce 
sufficient  rise  of  voltage  at  the  arc  to  maintain  it,  and  it  goes  out. 
If  too  much  resistance  is  employed,  the  rise  of  voltage  at  the  arc 
is  excessive  for  changes  of  current  too  small  to  move  the  mecha- 
nism, and  the  lamp  tends  to  allow  the  current  to  surge  beyond  its 
proper  limits.  This  regulating  or  steadying  action  of  resistance 
is  of  course  instantaneous,  as  it  depends  on  electrical  changes 
and  not  on  inertia  or  mechanical  motion.  To  a  certain  extent  self- 
induction  may  have  a  similar  tendency  to  raise  the  voltage  at  the 
point  of  rupture  or  increase  of  resistance  in  an  electric  circuit. 

No  Resistance  in  Series  with  Series  Lamps.  On  series-  or 
high-tension  circuits  resistance  is  not  required,  because  the  current 
is  maintained,  whatever  the  changes  in  the  arc,  by  the  inherent 
regulation  of  the  dynamo.  It  is  impossible,  therefore,  for  the  cur- 
rent to  fail  while  the  machine  is  in  operation. 
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Constant  Potential  Lamps^  Two  in  Series.  The  usual  voltage 
of  constant  potential  circuits  being  double  that  required  for  one 
open  arc  lamp  with  its  resistance,  being  110  volts  or  thereabouts, 
open  arcs  on  these  circuits  are  commonly  connected  two  in  series. 
If  only  one  lamp  is  used,  and  the  remaining  excess  of  60  or  70 
volts  taken  up  by  resistance,  the  regulating  action  of  the  latter 
tends  to  make  the  light  vary  up  and  down  slowly,  as  explained 
above.  On  circuits  with  a  higher  voltage  than  110,  more  lamps 
are  run  in  series,  as  for  instance,  10  lamps  in  a  string  across  a  500- . 
volt  circuit.  From  what  has  been  said,  it  will  be  evident  that  both 
current  and  voltage  vary  somewhat  in  the  arc  on  constant  poten- 
tial or.  incandescent  circuits,  while  voltage  alone  varies  on  a  good 
series  circuit.  A  carbon  that  will  tend  to  produce  a  steady  light, . 
such  as  a  cored  carbon,  is,  therefore,  advisable  for  constant  poten- 
tial lamps.  Again,  these  lamps  are ,  commonly  used  for  interior 
illumination,  so  that  a  better  grade  of  carbon  and  one  that  pro- 
duces a  softer  yellowish  light  is  desirable. 

Troubles  in  the  Arc  Proper.  —  The  chief  troubles  found  in 
direct  current  arcs  not  caused  by  the  mechanism  are  these  :  — 

Flaming,  from  too  long  an  arc,  or  impure  carbons,  or  half-baked 
carbons  containing  unexpelled  gases.  The  flame  usually  runs  up 
the  side  of  the  positive,  accompanied  by  a  drop  in  resistance  and 
loss  of  light. 

Hissing,  due  to  too  short  an  arc  or  too  vigorous  vaporization  or 
too  coarse-grained  carbons.  This  is  attended  with  loss  of  light, 
low  resistance,  and  an  objectionable  hissing  noise. 

Sputtering,  from  impurities  in  the  carbon,  or  loose-grained 
carbons. 

Whistling,  occasioned,  as  in  a  Chicago  installation,  by  electro- 
static induction  between  the  underground  conductors  and  their 
metal  sheaths.  These  current  vibrations  reproduce  themselves 
in  variations  in  the  volume  of  the  arc  stream,  producing  a 
shrill  noise. 

Traveling  of  the  arc  around  the  carbons  producing  unequal 
illumination  and  flicker.  This  arises  from  the  tendency  of  the 
arc  to  continually  seek  the  path  of  least  resistance,  which  wan- 
dering increases  with  the  area  of  the  carbon  over  which  the  arc 
may  travel,  in  other  words,  the  area  of  the  end.  This  may  be 
remedied  by  the  use  of  smaller  carbons  or  of  cored  carbons,  in 
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which  latter  case  the  soft  core  vaporizes  first,  and  the  arc  is  con- 
fined to  the  inner  surface  of  the  crater  thus  produced. 

Bucking  of  arcs  connected  in  series,  owing  to  the  mechanism  of 
all  the  lamps  endeavoring  to  correct  a  change  of  current  due  to 
the  improper  working  of  one  particular  lamp.  This  is  frequently 
very  marked  on  incandescent  circuits,  where  only  two  lamps  are 
in  series.  If  one  sticks,  it  frequently  consumes  all  of  the  energy, 
leaving  the  other  nearly  dark.  To  overcome  this,  both  proper 
design  of  the  mechanism  and  proper  adjustment  are  required. 

Altemating  Arcs.  —  When  arcs  are  fed  by  alternating  current 
the  arc  is  no  longer  a  continuous  flame,  but  is  lighted  and  ex- 
tinguished at  every  reversal  of  the  current.  When  these  follow 
one  another  faster  than  100  per  second,  corresponding  to  a  fre- 
quency of  50  periods,  the  flicker  is  not  apparent  to  most  eyes. 
Owing  to  the  reversal  of  the  current  each  carbon  acts  as  a  positive 
at  every  other  alternation.  There  is,  therefore,  no  crater,  both 
carbons  remaining  pointed,  but  the  upper  one  wastes  away  8  or 
10  per  cent  faster  than  the  negative,  due  to  receiving  the  ascend- 
ing heat. 

Voltage  and  Current,  Under  commercial  conditions,  using 
cored  carbons,  open  altemating  arcs  consume  about  15  amperes  at 
30  to  35  volts.  This  would  seem  to  be  unaccountably  less  than 
that  required  for  a  continuous  current  arc  using  the  same  carbons  ; 
but  it  must  be  borne  in  mind  that  an  effective  alternating  voltage 
of  35  has  a  maximum  potential  of  about  50  at  the  top  of  the  wave. 

Function  of  Core  and  Object  of  Heavy  Current,  When  the 
carbons  are  separated,  it  would  appear  that  the  first  extinguishment 
of  the  arc  as  the  current  passed  through  zero  would  put  out  the 
light  ;  but  a  continuous  path  is  provided  for  the  current  by  the 
bridge  of  incandescent  carbon  vapor  that  persists  until  the  voltage 
acquires  a  substantial  value  in  an  opposite  direction.  To  obtain 
this  effect  the  current  used  in  alternating  arcs  must  be  larger  than 
in  continuous  current  arcs,  and  the  carbons  are  always  cored,  to 
insure  a  sufficient  supply  of  carbon  vapor. 

Power  Factor  If  the  current  and  E.ALF,  are  in  phase  the 
power  at  the  arc  in  watts  is  the  product  of  the  volts  and  amperes. 
Steinmetz,  however,  has  shown  that  since  the  apparent  resistance 
varies  with  the  current  there  must  be  a  lag  of  current  behind  the 
electromotive  force.     Experiments  show  that   the  true  power  in 
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the  open  alternating  arc   is  about  85  per  cent  of   the  apparent 
watts. 

Wave  Form,  The  efficiency  of  the  alternating  arc  increases 
slightly  with  the  number  of  alternations,  and  is  considerably 
affected  by  the  form  of  current  wave,  which  is  largely  determined 
by  the  shape  of  the  wave  of  E,M.F.  ;  a  flat-top  wave  producing  a 
higher  efficiency  than  a  peaked  one.  This  is  because  the  flat-top 
wave  creates  less  interruption  in  the  flow  of  current  than  the  sharp 
pointed  wave,  the  latter  allowing  the  carbon  a  considerable  interval 
between  maximum  values  in  which  to  cool  off. 

Hum.       A  peculiarity  of  the  alternating  arc  is  its  hum,  corre- 
sponding in  pitch  to  the  alternations.      It  arises  from  the  expan- 
sions and  contractions   of  the  arc  stream  with  the  current,  pro- 
ducing  corresponding   vibrations  of  the  adjacent  air.     This    has 
nothing  to  do  with  the  hissing  sound  that  may  occur  from  very 
short  arcs  as  with  the  continuous  current.     When  the  alternating 
arc  hisses,  the  voltage  falls,  but  less  abruptly  than  with  the  con- 
tinuous arc,  while  the  current  lag  is  in- 
creased until  the  true  watts  are  only  75 
per  cent   of   the  apparent  watts.     The 
light  emission  of  the  alternating  arc  at 
any  instant  lags  a  little  behind  the  curve 
of  instantaneous  value  of  the  real  watts. 
It  never  passes  through  zero,  owing  to 
the  retention  of  heat  by  the  carbons. 

Efficiency,  With  the  same  energy 
and  carbons  the  mean  spherical  candle- 
power  of  the  alternating  open  arc  is  about 
one-half  that  of  the  continuous  current 
open  arc. 

Distribution,      The    distribution    of 
light   is   nearly  equal  above  and  below 
the   horizontal,  as   shown  by  Fig.   267.         .  ^^^    ^^^ 
Therefore  the  light  going  upward,  which    F\g.  267.  ugkt  oistributJon,  Alter- 

I  1.    ir  ij  i_  ^    J  nating  Current  Open  Arc. 

IS  nearly  one-half,  would  be  wasted  were 

it  not  for  the  white  reflector  usually  employed  immediately  above 

the  arc  to  throw  the  light  down. 

Focussing  Mechanism.  The  more  equal  consumption  of  upper 
and  lower  carbons  in  alternating  lamps  necessitates  a  mechanism 
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fig.  268.    Foeuaalng.    Fig.  269.    Connections  of  Economy 
Mechanism.  Coil. 


that  will  feed  both  carbons  in  order  to  retain  the  arc  in  the  same 
place.     See  Fig.  268.     Such  lamps  are  usually  connected  to  the 

secondary    of    a    trans- 
^^M  \        former  through  an  induc- 

tive resistance,  known  as 
an    antO'transforfner  or 
economy    coil    (see    Fig. 
269),   or   they   may  be 
connected  directly  to  a 
transformer    wound    to 
deliver  a    constant  cur- 
rent (p.  171).     The  pos- 
sibility of  substituting  an 
economy  coil    in    which 
little  energy  is  lost  for 
the  wasteful  resistance  used  on  constant  potential  direct  current 
systems,  compensates  in  a  large  measure  for  the  low  efficiency  of 
the  alternating  arc. 

Inclosed  Arcs.  —  The  rapid  consumption  of  the  carbons  in  the 
open  arc  led  many  experimenters  to  attempt  to  devise  methods 
for  reducing  it.  The  earlier  workers  devoted  themselves  to  mak- 
ing a  compromise  between  the  arc  and  the  glow  lamp,  the  general 
features  of  which  were  a  minute  arc  formed  at  the  point  of  imper- 
fect contact  between  two  carbons.  These  incandescent  arcs  were 
never  successful  for  reasons  now  well  understood. 

About  1882,  and  in  the  years  following,  attempts  were  made 
to  inclose  the  arc  of  the  constant  current  lamps  in  air-tight  globes 
of  various  sizes,  but  without  success.  In  1894  commercial  lamps 
were  successfully  used,  in  which  the  arc  was  inclosed  in  a  small 
globe  or  bulb  of  refractory  glass  protected  by  a  larger  outer  one. 
It  was  found  that  the  previous  attempts  to  apply  the  inclosure  to 
existing  high-tension  lamps  with  high  current  and  low  arc  voltage 
was  a  step  in  the  wrong  direction,  but  that  the  inclosed  arc  was 
well  suited  to  low  current  and  high  voltage  arcs,  which  would  be 
desirable  on  constant  potential  systems. 

Inner  Globe.  The  inclosing  bulb  is  an  egg-shaped  globe  about 
5^  inches  long  and  2j  inches  in  diameter,  tightly  sealed  below,  and 
partially  closed  above.  When  an  arc  is  sprung  between  the  car- 
bons inclosed  in  this  manner,  at  first  the  same  conditions  exist  as  in 
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open  arcs.  The  oxygen  in  the  bulb  is,  however,  rapidly  consumed 
by  combination  with  the  carbon,  and  in  six  to  ten  minutes  the  bulb 
is  filled  with  highly  heated  CO  and  CO,  These  gases  would  soon 
be  replaced  by  air  were  it  not  for  the  arrangement  of  the  cover  of 
the  bulb,  which  is  usually  ground  to  fit  at  the  edges,  with  an 
opening  in  the  center  slightly  larger  than  the  carbon.  This  narrow 
annular  opening,  especially  when  corrugated  internally,  affords,  by 
creating  eddy  currents  of  gases,  great  frictional  resistance  to  the 
passage  of  the  air,  so  that  very  little  enters.  The  conversion  of 
the  air  of  the  bulb  into  inert  CO  and  CO,  soon  shortens  the  first 
long  arc  with  80  volts  across  to  about  ^  of  an  inch.  The  com- 
bustion of  the  carbons  by  the  oxygen  of  the  air  is  now  greatly  re- 
duced, so  that  the  positive  burns  flat-ended,  its  loss  being  chiefly 
electrolytic.  The  positive  is  apt  to  have  a  slight  tendency  to 
become  concave,  while  the  negative  tends  to  become  convex,  but 
both  remaining  approximately  flat  ended.  Were  it  not  for  the  air 
that  seeps  into  the  bulb  the  negative  would  not  be  destroyed  at  all, 
because  not  only  is  it  not  consumed,  but  it  receives  a  deposit  of 
carbon  from  the  positive.  It  is  found  advisable,  however,  to  admit 
just  enough  air  to  combine  with  the  carbon  vapor  set  free  and  burn 
it,  to  prevent  it  depositing  as  a  black  condensation  on  the  bulb,  or 
as  a  fragile  nib  on  the  negative.  If  pointed  carbons  are  used  in  a 
bulb,  they  will  become  flattened  after  burning  a  short  time. 

Volts ^  Amperes  and  Watts,  The  usual  energy  at  the  arc  in 
direct  current  inclosed  arcs  is  about  400  watts  (6  amperes  at  80 
volts).  It  is  found  that  when  less  than  78  volts  is  used  the  car- 
bon does  not  traverse  a  long  enough  arc  to  have  its  combustion 
completed,  and  with  50  to  60  volts,  a  deposit  of  this  unconsumed 
carbon  tends  to  form  on  the  bulb,  cutting  off  the  light.  When 
more  than  80  volts  is  used,  the  carbon  consumption  is  too  high, 
the  violet  light  from  the  arc  becomes  too  prominent,  and  the  arc 
has  not  sufficient  resistance  interposed  in  circuit  with  the  usual 
110  volts  to  keep  it  steady.  The  voltage  between  the  electrodes 
being  therefore  fixed  at  80,  5  amperes  give  the  energy  usually 
taken  in  lamps  on  these  circuits.  The  inclosed  arc  has  properties 
similar  to  the  arc  in  air,  the  difference  of  potential  increasing  with 
the  distance  apart  of  the  electrodes. 

Hissing  occurs  for  the  same  reason,  but.  flaming  is  less,  and  the 
zone  of  flame  is  absent  because  there  is  no  oxygen  to  support  it. 
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Efficiency,  The  efficiency  of  the  inclosed  arc  is  not  as  high  as 
that  of  the  open  arc  owing  to  the  fact  that  more  energy  is  expended 
in  the  arc  stream  and  less  in  the  crater,  and  that  the  flat-ended 
carbons  rapidly  conduct  away  the  heat,  and  that  some  10  per  cent 
of  the  light  is  lost  in  penetrating  the  bulb.  The  retention  of  the 
heat  by  the  bulb,  however,  adds  to  the  efficiency,  so  that  the  net 
difference  in  efficiency  is  probably  not  great. 

Size  of  Bulb,  Evidently  a  large  bulb  will  be  less  efficient  than 
a  small  one,  and  will  also  tend  to  produce  a  carbon  deposit  by 
chilling  the  vapor  on  its  cooler  surface.  The  size  of  the  bulb 
affects  the  interval  of  unsteadiness  which  ensues  when  a  lamp  is 
started.  The  bulb  being  filled  with  air,  which  has  diffused  in  since 
the  lamp  was  last  extinguished,  the  carbons  are  practically  burning 
in  the  open  air  until  the  oxygen  in  the  bulb  is  consumed.  They 
therefore  draw  a  long  arc.  After  some  time,  depending  on  the 
amount  of  oxygen  in  the  bulb,  and  on  the  tightness  of  the  in- 
closure,  the  arc  becomes  unsteady ;  apparently  because  it  is  im- 
mersed alternately  in  atmospheres  of  carbonic  oxides  and  oxygen, 
which  greatly  affects  the  arc's  resistance.  At  such  times  the  arc 
may  be  so  unsteady  as  cut  itself  out.  With  small  bulbs  the  change 
from  the  open  arc  to  the  closed  arc  conditions  usually  occurs  in 
from  three  to  five  minutes,  after  which  the  light  is  steady.  Gen- 
erally speaking,  the  larger  the  bulb  the  longer  the  time  before  the 
arc  passes  through  the  period  of  unsteadiness. 

Carbons.  —  The  carbons  employed  in  inclosed  arcs  must  be 
straight  and  smooth,  otherwise  they  will  not  pass  freely  through 
the  opening  in  the  gas  cap.  This  precludes  the  use  of  molded 
carbons,  which  have  an  irregular  seam  running  the  whole  length, 
and  requires  forced  carbons,  the  difference  being  considered  more 
fully  in  the  beginning  of  the  next  chapter.  The  carbons  must  con- 
tain the  minimum  amount  of  impurity,  as  it  is  all  deposited  on  the 
inside  of  the  bulb,  hence  cored  carbons  are  not  suitable.  Uniform- 
ity in  diameter  is  essential. 

The  consumption  of  carbon  in  an  inclosed  arc  is  different  in 
various  positions  in  the  bulb,  chiefly  owing  to  being  more  or  less 
exposed  to  air  currents.  The  greatest  consumption  is  usually 
found  to  exist  near  the  bottom  of  a  bulb,  and  the  smallest  some- 
where in  the  upper  portion. 

The  ratio  of  the  consumption  of  the  upper  to  that  of  the  lower 
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varies  curiously  in  different  portions  of  the  bulb  and  in  different 
lamps,  usually  between  15  to  1  and  2  to  1.  If  the  inclosure  were 
perfectly  air-tight,  the  negative  would  hardly  be  consumed  at  all, 
or  might  even  grow  larger,  whereas  the  positive  would  be  con- 
sumed electrolytically  nearly  as  fast  as  usual.  The  ratio  might 
easily  be  100  to  1  or  1,000  to  1  in  such  a  case.  Where,  however, 
the  air  has  free  access  to  the  arc,  the  consumption  by  the  air  may 
be  as  large  as  by  the  current,  and  we  should  then  have  a  ratio  of 
about  2  to  1  for  positive  and  negative  carbons  respectively. 

Rupturing  the  Arc,  Inclosed  arcs  have  a  peculiar  tendency 
to  "cut  out,"  or  break  the  arc,  which  is  not  found  in  open  arcs. 
This  is  apt  to  occur  when  a  gust  of  fresh  air  enters  the  bulb  and 
strikes  the  arc,  cooling  it  and  instantly  changing  its  resistance. 
The  arc  has  a  tendency  to  travel  around  the  large  flat  ends  of 
the  carbons,  which  produces  the  effect  of  a  flicker,  owing  to  the 
shifting  shadow  of  the  negative.  This  is  less  noticeable  in  open 
arcs  whose  pointed  carbons  center  the  arc.  Inclosed  arcs  will 
also  operate  with  much  higher  voltage  than  80  across  the  arc, 
provided  that  approximately  the  same  percentage  of  drop  is  re- 
tained in  series  with  it.  Thus  150-volt  arcs  on  220-volt  circuit 
taking  2j  amperes  are  often  used,  but  give  a  more  violet  light. 

Series  Inclosed  Arcs.  —  Considerable  difficulty  was  first  expe- 
rienced in  applying  inclosed  arcs  to  series  high-tension  circuits. 
On  such  circuits  the  current  is  often  already  fixed  by  the  winding 
of  the  existing  dynamos,  the  majority  of  which  are  wound  for  6.8 
or  9.6  amperes.  If  inclosed  arcs,  taking  not  less  than  70  volts, 
were  substituted  for  open  arcs,  taking  47  volts,  the  central  station 
would  have  the  number  of  lights  on  the  circuits  greatly  reduced 
without  a  corresponding  increase  in  revenue.  Another  objection 
is  the  heavy  current,  which  has  a  tendency  to  overheat  and  soften 
small  bulbs.  Still  another  disadvantage  is  the  length  of  time 
required  to  effect  the  short  circuiting  of  the  lamp  by  an  automatic 
cut  out  when  the  carbons  fail  to  feed  or  are  consumed.  With 
open  arcs,  the  carbons  bum  so  rapidly  that  the  cut-out  coil  shunted 
across  the  arc  acts  in  a  few  minutes,  owing  to  the  rise  of  the 
voltage  across  the  arc.  If  the  same  construction  were  used,  it 
wonM  require  about  twenty  times  as  long  to  effect  the  same 
action  in  the  slow  burning  inclosed  arc,  so  that  the  high-resistance 
cut-out  coil,  which  is  made  of  very  fine  wire,  is  liable  to  be  damaged 
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by  the  prolonged  passage  of  the  Current  through  it.  But  these  ob- 
jections have  now  been  overcome.  The  demand  for  inclosed  arcs  on 
series  circuits  was  not  at  first  so  keen  as  at  present,  owing  to  the 
cheap  carbons  used  and  the  rough  quality  of  the  light  allowable  for 
exterior  illiunination,  in  which  efficiency  is  highly  desirable  and 
absence  of  glare  not  so  much  of  a  consideration. 

Advantages  of  Constant  Potential  Inclosed  Arcs.  —  The  rapid 
introduction  of  inclosed  arcs  on  incandescent  circuits  in  the  last 
few  years  is  due  to  the  many  advantages  which  they  possess  com- 
pared with  open  arcs  on  the  same  circuits.  First,  perhaps,  is  the 
saving  effected  in  carbons,  which  last  from  100  to  150  hours  per 
pair  on  the  average,  with  proper  adjustment.  Ordinary  open  arc 
carbons  last  about  8  to  10  hours.  In  fact,  inclosed  arc  lamps  are 
usually  designed  so  that  the  remnant  of  the  positive  carbon  may 
be  used  as  a  negative  on  the  next  run,  if  cut  to  the  proper  length. 
Longer  life  than  100  to  120  hours  is  probably  not  desirable  in 
inclosed  arcs,  because  it  is  obtained  at  thC'  expense  of  an  exces- 
sive deposit  on  the  sides  of  the  bulb,  and  a  sacrifice  of  efficiency 
and  steadiness  from  carbons  of  increased  diameter. 

The  long  life  of  the  carbons  saves  not  only  the  value  of  the 
carbons  themselves,  but  the  greater  labor-expense  of  retrimming. 
The  nuisance  of  the  daily  visits  of  a  lamp-trimmer,  required  for 
open  arcs,  especially  in  places  where  dust  or  a  ladder  is  objection- 
able, has  had  a  great  deal  to  do  with  the  favor  with  which  the 
inclosed  arc  has  been  received. 

The  ability  to  light  or  extinguish  one  lamp  at  a  time  is  impor- 
tant ;  because  it  effects  an  economy  over  the  system  of  open  arcs, 
in  which  two  in  series  are  always  thrown  on  or  off  together. 

Quality  of  Light.  Absence  of  sparks  is  another  feature  secured 
by  the  inclosing  bulb.  The  mechanism  also  admits  of  the  utmost 
simplicity  in  its  construction.  The  color  of  the  inclosed  arc,  with 
proper  combinations  of  globes,  approaches  very  closely  to  daylight, 
since  it  is  possible  to  cut  out  the  undesirable  parts  of  the  spectrum 
by  the  use  of  glass  of  the  correct  shade.  With  clear  bulb  and 
globe  the  light  is  a  violet  tinge,  which  is  not  as  pleasant  as  the 
modified  color.  The  opalescent  inner  bulb  usually  employed  acts 
also  to  diffuse  the  light,  so  that  no  violently  luminous  sf)ot  exists, 
but  the  light  comes  from  the  large  surface  of  the  bulb.  The  effect 
of  this  is  to  prevent  sharp  shadows,  and  to  allow  the  pupil  of  the 
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€ye  to  open  wider  without  the  sensation  of  glare ;  thus  increasing 
the  apparent  illumination. 

Distribution,  The  distribution  of  the  light  in  a  vertical  plane 
has  been  investigated  by  Messrs.  Freedman,  Burroughs,  and  Rapa- 
port,  whose  results  are  quoted  herewith.  They  found  that  the 
distribution  in  an  inclosed  arc  lamp  is  not  the  same  as  in  an  open 
arc  lamp.  See  Fig.  270.  The 
maximum  in  the  former  is  at  an 
angle  of  25  degrees  below  the 
horizontal,  instead  of  40  degrees. 
The  intensity,  after  decreasing, 

reaches  another  high  value  at  40  \  f  ^r4«o.  p. 

degrees,  but  not  as  great  as  at 
25  degrees.  The  probable  expla- 
nation of  this  peculiar  form   of 

curve    is,  that   at   25  degrees    the       '^'^^  ^7<>.    UgM  Olstrlbuthn,  Direct  current 
'  ^  Inclosed  Arc. 

light    comes  obliquely  from  the 

crater,  but  is  not  cut  off  by  the  negative.  Descending,  the  nega- 
tive cuts  off  more  light  ;  but  the  rays  emanate  more  perpendic- 
ularly from  the  surface  of  the  crater  until  another  maximum  is 
reached  at  40  degrees.  The  reflection  from  the  bulb,  and  the 
position  of  the  arc  in  it,  would  also  alter  this  distribution. 

Efficiency.  Tables  XI.  and  Xll.  (Freedman)  show  the  effect  of 
a  cleat*  and  an  opalescent  inner  globe,  the  same  being  shown  graph- 
ically in  Fig.  271.  The  same  investigators  measured  the  loss 
by  opalescent  outer  globes,  which  they  found  varied  from  35  to  50 
per  cent,  and  which  occasionally  is  as  great  as  60  per  cent.  They 
conclude  that  with  currents  of  6  amperes  and  with  two  clear  glass 
globes  of  the  best  quality  the  watts  per  candle  are  about  .5,  with 
opalescent  inner  and  clear  outer,  the  watts  per  candle  are  about 
.6,  and  with  both  inner  and  outer  opalescent  globes  the  watts 
per  candle  are  about  .95,  being  mean  hemispherical  candle-power 
in  all  cases.  Holophane  globes,  whose  construction  is  explained 
on  page  334,  gave  the  same  loss  of  light  as  clear  globes. 

Whether  the  run  is  continuous  or  intermittent  will  make  a 
difference  in  the  life,  although  only  slight.  Theoretically  the  life 
should  be  less  for  the  intermittent  test  that  when  the  lamp  is 
kept  burning  without  any  stops,  and  this  is  found  to  be  the  case. 
The  stoppage  allows  fresh  air  to  get  into  the  bulb  each  time,  thus 
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increasing  the  consumption.  When  the  current  is  thrown  off  a 
lamp,  it  is  noticed  that  the  carbonic  oxide  gas  ignites  with  the  in- 
rush of  air,  and  by  a  series  of  minute  explosions  causes  a  chatter- 
ing of  the  gas-cap.  Sometimes  it  burns  with  a  quiet  blue  flame 
that  lasts  for  five  or  ten  seconds.  To  find  theoretically  the 
amount  of  carbon  consumed  with  intermittent  use  we  can  calculate 
the  weight  of  oxygen  the  bulb  contains  when  filled  with  fresh  air, 
and  from  this  determine  the  amount  of  carbon  burned  before  the 
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admission  of  any  more  fresh  air.  Taking  4  hours  as  an  average 
run,  a  lamp  burning  140  hours  would  have  36  stops,  equivalent  in 
consumption  to  5  hours  run,  and  on  this  basis  would  consume 
carbon  as  if  it  had  burned  continuously  for  145  hours.  An  air- 
tight outer  globe  will  increase  the  life ;  but  it  has  a  tendency  to 
raise  the  temperature  of  the  interior  sufficient  to  warp  or  interfere 
with  the  action  of  some  of  the  parts,  although  it  ^^-ill  not  do  so  with 
proper  construction. 

Alterjiating  inclosed  arcs  have  also  reached  a  high  state  of 
I)erfection.  In  principle  they  are  similar  to  the  inclosed  arcs  for 
<lirect  current.  The  essential  difference  is  in  the  use  of  one  or 
both  cored  carbons,  with  consequently  lower  voltage  and  greater 
current. 

With  solid  carbons  the  long  arc  has  a  tendency  to  be  extin- 
^ished,  and  the  vapor  supply  of  a  core  is  required  to  maintain 
the  conducting  medium  between  the  electrodes.  Owing  to  the 
inclosure,  which  gives  a  stability  and  freedom  from  interference 
of  air  currents,  it  is  sufficient  to  use  one  cored  carbon,  and  it  is 
of  course  indifferent  whether  this  be  the  upper  or  the  lower.  It 
is  not  advisable  to  use  two  cored  carbons,  for  reasons  explained  in 
connection  with  continuous  current  arcs,  namely,  the  efficiency 
is  more  or  less  sacrificed,  and  the  deposit  in  the  bulb  is  increased. 

The  length  of  arc  is  greater  than  in  the  direct  current  lamp, 
being  about  |  of  an  inch.  At  the  start  the  arc  may  be  as  long  as 
\  to  f "  before  the  air  in  the  bulb  is  consumed,  or  the  resistance  up 
to  its  maximum  value.  When  hot,  the  usual  current  is  6  amperes, 
with  a  voltage  at  the  arc  of  70  to  75  volts.  With  70  volts  and  6 
amperes  in  a  104  volt  circuit,  the  apparent  watts  at  the  lamp  termi- 
nals are  625  and  at  the  arc  420,  the  actual  watts  being  446  and 
390  respectively.  The  watts  consumed  in  the  inductive  resist- 
ance average  35  to  45.  This  resistance  usually  consists  of  a 
coil  in  series  with  the  arc  wound  on  a  laminated  iron  core,  and 
mounted  in  the  trimming  of  the  lamp.  By  connecting  the 
terminals  to  different  portions  of  this  coil,  the  reactance  may  be 
greatly  varied,  so  that  the  lamp  is  capable  of  a  wide  range  of 
adjustment  for  various  circuits.  As  a  rule  the  reactive  coil  can 
be  adjusted  to  maintain  75  volts  at  the  arc  for  circuits  varying  in 
voltage  from  100  to  125,  and  in  frequency  from  60  to  133  cycles 
per  second. 
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working  at  benches,  and  provided  with  steel  molds.  These  are 
split  in  halves,  being  grooved  according  to  the  length  and  diameter 
of  the  carbon  cylinders  to  be  made.  The  molder  weighs  the  flour 
in  a  scale,  distributes  it  evenly  over  the  surface  of  the  mold,  and 
places  the  steel  cap  upon  it.  The  mold  is  then  slowly  heated  in 
an  oven,  which  causes  the  particles  of  combined  pitch  and  carbon 
to  become  pasty.  When  the  proper  degree  of  heat  is  reached, 
the  mold  is  taken  from  the  oven,  and  placed  under  a  hydraulic 
press,  the  pressure  employed  varying  between  100  and  400  tons. 
From  the  press  the  molds  are  taken  back  to  the  benches,  the 
cover  and  sides  removed,  and  the  "card"  of  carbons  carefully 
lifted  out.  When  they  become  cool  they  are  separated  from  each 
other ;  and  the  little  "  fins  "  that  have  held  them  to  their  neigh- 
bors are  scraped  off  each  side,  so  that  each  carbon  is  left  a  fairly 
perfect  cylinder.  For  lamps  fed  by  a  constant  direct  current,  car- 
bons are  usually  made  by  the  molded  process,  to  which  they  seem 
best  adapted. 

Forced  Carbons,  —  Arc  lamps  for  constant  potential  or  alter- 
nating currents  require  a  carbon  whose  particles  are  arranged  dif- 
ferently from  those  in  the  molded  process,  and  also  in  many 
instances  a  core  of  less  dense  material  to  insure  steadiness  of 
light.  The  flour  for  carbons  to  be  made  by  this  process  is  treated 
somewhat  differently  from  that  of  the  molded  variety.  It  is 
usually  shaped  into  cylindrical  "  plugs  "  about  6  inches  in  length, 
and  from  2  to  6  inches  in  diameter.  These  are  placed  in  front  of 
the  plunger  of  a  hydraulic  press  whose  action  is  horizontal,  and 
are  forced  through  its  jaws,  taking  any  desired  cross-section  from 
the  outline  of  the  die  at  the  mouth.  As  fast  as  the  carbons 
issue  from  the  die,  they  are  received  upon  a  table,  and  cut  to 
desired  length.  In  order  to  make  them  "cored,"  a  hole  about 
\  of  an  inch  in  diameter  is  left  in  the  center  of  the  carbon  as  it 
passes  through  the  die,  by  the  action  of  a  "tongue,"  projecting 
into  the  orifice  of  the  die  from  the  inside.  There  are  various 
combinations  for  the  mixture  that  is  used  to  fill  the  core,  and  the 
secret  of  its  composition  is  usually  guarded  by  manufacturers. 
This  point  in  either  process  is  called  the  "green  carbon"  stage. 
They  appear  shiny  black  in  color,  are  quite  heavy,  break  easily, 
and  when  held  in  the  fingers,  and  tapped  together,  give  only  a 
dull  sound.     Both  molded  and  forced  carbons  are  next  taken  to 
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the  furnace-room  where  the  volatile  matter  contained  in  them  is 
driven  off.  This  is  a  process  requiring  great  care.  If  they  are 
baked  too  rapidly,  they  warp,  and  are  hard  to  adjust  in  the 
lamps.  If  they  are  not  baked  sufficiently,  they  are  too  low  in 
conductivity,  and  give  a  very  poor  light.  In  some  cases  the 
baking  is  performed  in  fire-clay  pots,  this  being  the  process 
employed  by  many  foreign  manufacturers.  In  this  country  it  is 
customary  to  lay  the  carbons  in  a  large  rectangular  furnace,  layer 
upon  layer,  separated  by  beds  of  sand,  the  entire  mass  protected 
by  a  covering  of  sand  several  inches  in  thickness,  and  subjected 
to  heat  until  every  carbon  has  reached  a  high  temperature.  The 
total  time  occupied  is  very  considerable,  being  often  one  or  two 
weeks  from  the  time  the  charging  begins  until  the  process  is 
completed.  From  the  furnace  the  carbons  are  carried  to  the 
sorting-tables,  where  they  are  tested  by  rolling  them  on  steel 
plates  of  true  surface  in  order  to  separate  the  straight  from  the 
crooked  ones.  Some  of  the  latter  are  sold  as  seconds,  others 
are  cut  into  short  lengths,  and  the  worst  ones  are  rejected. 
Even  in  the  best  imported  forced  carbons  there  are  often  found 
from  2  to  6  per  cent  of  badly  warped  carbons. 

Molded  carbons  differ  from  forced  carbons  in  many  ways. 
They  have  a  loose  granular  structure  that  runs  lengthwise  through 
the  carbon,  at  right  angles  to  the  line  of  pressure.  They  also  have 
the  remnant  of  the  web  that  holds  a  card  of  carbons  together ;  and 
even  if  this  is  ground  off,  the  surface  is  not  perfectly  cylindrical. 
Impurities  are  more  likely  to  be  found  in  molded  than  in  forced 
carbons,  and  they  are  not  as  uniform  as  the  forced  article.  They 
are  used  in  series  constant  current  lighting  chiefly,  where  cheapness 
is  the  greatest  consideration. 

Copper  plating  these  carbons  is  often  resorted  to,  with  the 
objects  of  increasing  their  conductivity,  especially  at  the  point  of 
contact  with  the  clamp,  and  prolonging  their  life.  The  copper 
sheathing  protects  the  carbon  near  the  arc  from  oxidizing  so 
rapidly,  and  a  12"  X  |"  coppered  carbon  in  a  10-ampere  lamp  will 
burn  about  14  hours,  whereas  the  plain  carbon  of  the  same  make 
will  not  last  more  than  12  hours. 

The  forced  carbon  is  usually  a  higher  grade  of  carbon  than  the 
molded,  especially  those  imported  from  Germany  and  Austria. 
The  texture  is  finer,  and  the  material  softer,  than  in  the  molded 
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form,  while  the  grain  runs  transversely  or  at  right  angles  to  the 
line  of  pressure.  Owing  to  the  method  of  manufacture,  such 
carbons  are  more  easily  made  to  a  given  diameter,  and  are  more 
uniform  in  diameter,  structure,  and  straightness  than  the  molded 
carbon.  They  have  a  comparatively  high  conductivity  and  are  not 
copper  plated.  They  are  used  for  cored  carbons  particularly. 
The  high  grade  and  pure  forced  carbon  more  nearly  resembles 
lampblack,  and  will  make  a  mark  on  paper  like  a  pencil,  whereas 
the  hard  forced  carbons  will  not.  Where  carbons  are  held  by  a 
small  clamp  far  from  the  active  end,  and  must  fit  closely  but  freely 
into  an  opening  little  larger  than  the  carbon  itself,  too  much  stress 
cannot  be  laid  on  the  necessity  of  securing  straightness  and 
uniformity.  All  carbons  contain  impurities,  chiefly  silica,  iron,  and 
smaller  quantities  of  other  substances.  In  the  highest  grade  of 
imported  carbons  the  silica  is  the  chief  impurity,  with  little  else, 
but  chemically  pure  carbons  have  not  been  produced  by  any 
manufacturer. 

Carbons  may  be  cut  to  any  desired  length  by  nicking  them  all 
around  and  breaking  them  as  one  woifld  a  glass  tube.  In 
inclosed  arcs  and  in  alternating  arcs  both  carbons  are  the  same 
size,  whereas  in  focussing  high-tension  lamps  and  in  open  arc  low- 
tension  lamps,  the  upper  carbon  is  usually  about  \"  larger  in 
diameter  than  the  lower.  The  only  carbons  that  are  copper-plated 
are  those  used  in  high-tension,  series,  constant  current  lamps. 

Globes.  —  The  glassware  used  to  inclose  the  arc  has  received 
little  scientific  attention  heretofore,  and  it  is  not  at  all  unusual  to 
attempt  a  five  or  even  one  per  cent  saving  in  generating  the  cur- 
rent, and  allow  a  30  per  cent  loss  in  its  utilization  to  go  neglected. 
Globes  are  made  of  three  materials,  clear  glass,  opal  (or  opaline  or 
opalescent)  glass,  and  a  combination  of  the  two  called  alabaster. 
Arc  lamp  globes  are  either  blown  or  molded.  If  the  former  they 
will  vary  in  regularity,  some  being  thicker,  more  or  less  curved, 
etc.,  than  others.  Often  the  mark  of  the  tool  used  by  the  glass- 
blower  to  shape  the  globe  as  he  turns  it  will  produce  streaks. 
Molded  globes  are  quite  regular,  but  frequently  show  the  joints 
running  vertically  down  the  side  of  the  mold.  Clear  glass  globes 
when  clean,  thin,  and  of  good  quality  transmit  90  to  95  per  cent 
of  the  light.  When  dusty,  thick,  or  of  poor  glass  the  loss  is  easily 
doubled.     The  most  common  defects  in  these  globes  are  bubbles^ 
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ribs,  and  other  inequalities  which  cast  shadows,  and  render  the 
illumination  very  uneven. 

Opal  globes  are  made  of  a  glass  into  which  some  substance, 
frequently  iron,  has  been  introduced,  making  it  translucent,  but 
partly  destroying  its  transparency.  This  is  done  to  diffuse  the 
light,  and  to  cut  off  certain  undesirable  colors.  The  globes  will 
vary  from  one  through  which  outlines  can  be  readily  distinguished, 
to  those  whose  appearance  resembles  a  china  plate.  The  denser 
globes  effect  a  greater  diffusion,  but  frequently  cut  off  the  greater 
part  of  the  light.  A  light  opal  globe  may  cut  off  20  to  35  per 
cent  and  a  heavier  one  from  35  to  50  per  cent. 

Alabaster  globes  are  made  of  two  layers  of  glass,  one  clear  and 
the  other  translucent.  They  are  usually  very  dense,  and  cut  off 
40  to  60  per  cent  of  the  light.  In  order  to  combine  the  high  trans- 
missive  power  of  a  clear  globe  with  the  diffusion  of  an  opal  one,  it 
is  customary  to  grind  clear  globes,  dividing  the  surface  into  equal 
portions.  The  dividing  line  may  be  either  vertical  or  horizontal. 
The  former  is  usually  employed  where  the  light  is  to  be  thrown  in 
a  direction  away  from  the  spectator,  as,  for  instance,  into  a  show 
window  from  a  lamp  hung  in  front.  The  horizontally  half -ground 
globes  are  often  used  for  the  illumination  of  large  interiors  where 
an  intense  light  is  to  be  thrown  on  the  ceiling  and  upper  walls  for 
diffusion  and  a  less  glaring  light  to  the  floor  below.  The  effect 
of  the  grinding,  which  is  usually  done  by  a  sand-blast  applied  to  the 
outer  surface  of  the  globe,  is  to  diffuse  the  direct  rays  of  the  arc, 
and  form  a  brilliant  scintillating  surface.  When  the  roughening  is 
caused  by  acid  the  effect  is  less  marked.  When  applied  to  both 
outside  and  inside  of  a  globe  the  diffusion  approaches  that  of  light 
opal.  A  very  successful  effect  for  interiors  is  produced  by  grind- 
ing the  lower  two-thirds  of  the  surface  of  the  globes,  thus  cutting 
off  the  direct  arc  rays,  even  to  those  standing  some  distance  away. 

The  general  shape  of  arc  lamp  globes  is  such  as  to  protect  the 
arc  from  side  winds,  with  less  attention  to  inclosure  from  rain  or 
snow.  With  open  arcs  the  shape  should  be  such  that  the  globe  is 
easily  cleaned  without  removal  fr^om  the  lamp,  not  apt  to  crack 
from  changes  in  temperature,  and  of  such  curvature  that  dust, 
insects,  etc.,  fall  into  the  cup  usually  placed  beneath. 

With  inclosed  arcs  a  shape  which  will  not  show  a  long,  dark 
portion  in  the  shadow  of  the  negative  carbon  should  be  chosen. 
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The  distribution  of  the  light  as  well  as  its  intensity  is  greatly 
effected  by  the  globe  used,  largely  owing  to  internal  reflection. 

The  curves  in  Figs.  271  and  272  show  approximately  how  the 
vertical  distribution  varies  with  different  globes. 


Fig,  272.    Distribution  of  Light,  D.  C.  Inoioaed  Are. 

Recently  a  new  form  of  .globe,  the  holophane  (wholly  lumi- 
nous), made  of  clear  glass  after  the  designs  of  Blondel  and  Psarov- 
daki,  has  come  into  use.  This  globe  diffuses  the  light  perfectly, 
so  that  every  part  of  the  globe  sparkles  equally  brightly,  redistrib- 
utes the  light  so  as  to  throw  downward  many  of  those  rays  that 
would  go  upward  or  otherwise  be  lost,  and  is  capable  of  varying 
the  distribution  to  suit  the  purpose  to  which  it  is  to  be  applied. 

The  distribution  of  the  light  is  effected  by  prisms,  whose 
section  is  somewhat  like  the  teeth  of  a  circular  saw,  molded  in 
horizontal  rings  on  the  outside  of  the  globe.  The  vertical  section 
of  a  holophane,  Fig.  273,  shows  that  each  tooth  differs  somewhat 
from  its  neighbor.  The  prisms  on  the  uppermost  portion  of  the 
globe  are  so  designed  that  the  rays  striking  them  will  be  totally 
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reflected  back  through  or  nearly  through  the  source  of  light,  and 
emerge  from  the  lower  part  of  the  globe  on  the  opposite  side. 

About  45  degrees  from  the  top,  the  prisms  deflect  the  uj>-going 
rays,  so  that  they  emerge  horizontally  and  somewhat  below  the 
horizontal.  -From  there  down  to  the  level  of  the  arc  the  prisms 
all  refract  and  reflect  the  light  down  toward  the  floor  or  street. 
Below  the  horizontal  the  function  of  the  prismatic  ribbings  is  to 
distribute  the  light  so  that  the  objects  below  the  arc  are  uni- 


F}q.  273,    Vertleat  Section  of  Hoiophane  Globe. 

formly  illuminated,  weakening  the  intensely  bright  zone  due  to  the 
maximum  candle-power  about  40  degrees  below  the  horizontal,  and 
lightening  the  darker  circle  that  tends  to  exist  immediately  below 
the  lamp. 

To  secure  still  more  f)erfect  diffusion  the  globe  is  ribbed  verti- 
cally inside,  as  shown  by  the  horizontal  section  in  Fig.  274.  The 
effect  of  the  diffusion  is  to  make  the  outer  edges  of  the  globe, 
viewed  from  the  side,  appear  as  luminous  as  the  center. 

Holophanes  have  the  disadvantage  of  requiring  a  stationary 
source  of  light  to  work  to  best  advantage.  This  calls  for  a 
focusing  of)en  arc,  or  a  fairly  stationary  inclosed  one,  two  inches 
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variation  in  a  12-inch  globe  not  being  excessive.  They  have  the 
disadvantages  of  being  somewhat  expensive,  heavy,  and  harder  to 
clean,  but  are  a  marked  improvement  over  the  old  style  in  diffu- 
sion and  economy  of  light.  To  show  the  care  exercised  in  the 
design  of  the  prisms,  the  manufacturers  of  holophanes  in  this 
coimtry  state :  "  The  large  holophanes  have  as  many  as  400  calcu- 
lated faces,  each  designed  for  a  special  duty.  The  profile  of  each 
one  of  these  prisms  is  calculated  by  the  laws  of  optics,  and  drawn 
on  a  very  much  enlarged  scale  to  secure  accuracy.  The  drawing 
is  then  reduced  and  transferred,  by  a  photographic  process,  to  a 


f\q.  274.    HoHzontai  Section  of  Holophane  Biobe. 

Steel  plate,  and  the  profiles  cut  out  with  the  accuracy  of  engravers' 
work.  A  tempered  steel  tool  is  then  made  corresponding  to  this 
template,  accurate  to  the  one  thousandth  part  of  an  inch  ;  and  this 
tool  is  used  in  cutting  the  grooves  in  the  mold  in  which  the  glass 
is  pressed,  after  which  it  is  annealed.'* 

The  cuts  275  and  276  show  the  effect  of  clear  and  opal  globes 
on  the  distribution  of  light. 

Lamp  Mechanisms  and  Constructions.  —  The  functions  of  an 
arc-lamp  mechanism  may  be  described  as  follows  •  — 
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1.  To  separate  the  carbons  after  having  brought  them  into 
contact,  if  they  were  not  together  previously. 

2.  Maintain  the  distance  between  the  carbons  such  that  the 
energy  at  the  arc  is  constant. 

3.  Feed  one  or  both  carbons  together  as  they  are  consumed. 


Fig.  276.    lUuminatlon  on  Street  Surface  from  Open  Arc. 


Fig.  276.    lUuminatlon  on  Street  Surface  from  Opai  Qlohe. 

4.  Leave  the  lamp  in  such  condition  when  the  current  is 
turned  off  that  it  will  resume  operation  when  the  current  is  re- 
newed. 

To  these  must  be  added  another  duty,  dependent  on  the  class 
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of  circuit  on  which  the  lamp  operates,  usually  effected  by  the 
"  cut  out  "  in  one  of  the  following  ways  : 

6.  On  constant  current  circuits,  to  maintain  the  continuity 
of  the  circuit  through  another  path,  if  that  through  the  carbons 
is  broken  by  failure  to  feed  or  by  reason  of  their  having  been 
used  up  or  broken. 

Gn  constant  potential  circuits  to  open  the  circuit  under  the 
same  conditions  if  the  lamps  run  in  parallel,  or  to  substitute  an 
equivalent  resistance  if  two  or  more  lamps  run  in  series. 

Regulation  may  be  by  hand  or  automatic.  Hand  regulation  is 
used  where  the  operator  is  always  present,  as,  for  instance,  with 
projection  lanterns,  searchlights,  etc.  For  arcs  employed  for  gen- 
eral illumination  automatic  regulation  is  invariably  used. 

The  general  principle  employed  is  the  balance  effected  between 
the  pull  of  a  spring,  gravity,  or  both  against  the  pull  of  one  or 
more  solenoids  or  magnets.  The  variations  in  mechanical  details 
are  endless.  The  balance  is  preserved  when  the  arc  is  in  its  normal 
condition.  The  mechanism  is  so  arranged  that  too  great  length 
of  arc  will  weaken  the  solenoidal  pull,  and  too  short  length  increase 
it  or  vice  versa.  In  lamps  intended  for  series  circuits,  these  func- 
tions are  performed  by  two  types  of  mechanisms,  known  as  shunt 
and  differential. 

In  shunt  lamps  a  circuit  is  led  to  the  solenoid  from  opposite 
sides  of  the  arc,  so  that  the  normal  voltage  across  the  coil,  whose 
resistance  may  be  400  or  500  ohms,  is  47  volts  for  an  open  arc. 

When  the  current  is  off,  the  carbons  are  held  apart  by  the 
retractile  force  of  a  spring,  gravity,  etc.  On  turning  on  the  cur- 
rent, a  high  voltage  exists  across  the  gap  between  the  electrodes, 
and  the  solenoid  overcomes  the  retractile  force,  feeding  the 
carbons  together.  When  the  carbons  touch,  the  voltage  instantly 
drops,  and  the  retractile  force,  overcoming  the  weakened  solenoid, 
pulls  the*  carbons  apart,  and  springs  the  arc.  When  the  voltage 
rises  too  high,  the  shunt  coil  again  feeds  the  carbons  enough  to 
restore  a  balance.  Two  points  are  worthy  of  special  attention  in 
connection  with  shunt  lamps.  The  first  is  that  the  carbons  are 
apart  at  the  start,  introducing  a  very  high  resistance  (450  ohms 
for  each  lamp  in  the  series),  unless  there  is  an  auxiliary  cut-out 
circuit.  This  exceedingly  high  resistance  introduces  a  difficulty 
in  starting  the  average  arc  dynamo,  and  gives  rise  to  potentials 
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exceeding  the  line  voltage,  and  possibly  dangerous.  The  other 
feature  is  that  the  mechanism  is  entirely  independent  of  current 
strength,  and  will  maintain  a  given  voltage  across  the  arc  what- 
ever the  current.  Therefore  such  lamps  will  operate  on  circuits 
of  various  current  values  without  any  additional  adjustment.  They 
have  also  the  property  of  varying  the  energy,  and  therefore  the 
light  at  the  arc  no  more  nor  less  than  the  percentage  that  the  cur- 
rent varies  from  normal.  On  the  other  hand,  when  the  current 
of  a  line  abnormally  increases,  decreasing  the  resistance  of  the 
arcs,  and  tending  to  grow  still  larger,  these  lamps  do  not  assist 
the  dynamo  to  regain  its  equilibrium.  This  gives  rise  to  a  ten- 
dency to  unstable  equilibrium  of  the  current  in  the  line  manifested 
by  surging  of  the  lamps  or  jumping  arcs. 

The  differential  lamp  when  at  rest  has  its  carbons  in  contact. 
They  are  separated  by  the  pull  of  a  series  coil  opposing  gravity  or  a 
spring  which  the  shunt  coil  assists.  In  this,  as  in  the  shunt  lamp, 
the  pull  of  the  shunt  coil  tends  to  feed  the  carbons  together.  Obvi- 
ously this  lamp  has  a  low  resistance  before  the  current  is  turned 
on,  which  is  an  advantage.  The  current  passing  through  the 
carbons  and  series  coil  energizes  the  latter  to  pull  the  carbons 
apart,  against  the  action  of  gravity,  because  the  shunt  coil  is 
inert  when  the  carbons  are  in  contact  with  no  voltage  across 
them.  This  insures  a  rapid  and  positive  opening  of  the  arc.  As 
soon  as  the  arc  is  sprung,  the  shunt  coil  begins  to  act,  but  does 
not  effect  a  balance  until  the  series  coil  has  pulled  the  arc  long 
enough  for  the  normal  voltage.  When  the  voltage  rises,  the  shunt 
coil  feeds  the  carbons  exactly  as  in  the  shunt  lamp.  These  lamps 
will  work  properly  only  within  small  limits  on  either  side  of  the 
current  to  which  they  are  adjusted.  An  increase  in  current  will 
result  in  a  stronger  pull  of  the  series  coil,  which  will  draw  the 
carbons  apart,  until  the  increased  voltage,  acting  through  the  shunt 
coil,  again  effects  a  balance  ;  less  current  will  weaken  the  series, 
and  allow  the  carbons  to  approach.  Such  lamps  therefore  increase 
the  apparent  resistance  of  the  arc  as  the  current  rises,  and  corre- 
spondingly assist  the  dynamo  in  maintaining  the  current  \^lue 
constant.  For  a  given  variation  in  current,  however,  they  show  a 
greater  variation  in  light,  since  they  increase  the  arc  voltage  with 
the  current,  so  that  the  watts  rise  faster  than  the  current  strength. 
One  point  in  favor  of  the  differential  lamp  is  that  the  striking  of 


Digitized  by  VjOOQIC 


^40  ELECTRIC  LJG/rj'JAG. 

the  arc  is  a  positive  action  effected  by  the  current.  Both  styles 
of  lamps  give  satisfaction,  the  most  notable  example  of  the  shunt 
lamp  being  the  Thomson-Rice,  while  the  most  prominent  tyf)e  of 
the  differential  is  the  Brush. 

In  addition  to  the  elementary  features  above  described,  shunt 
lamps  usually  have  an  auxiliary  shunt  winding  of  coarse  wire  that 
acts  in  striking  the  arc.  If  the  fine-wire  shunt  coil  only  were 
employed,  the  retractile  mechanism  of  the  first  lamp  to  operate  on 
starting  up  would  separate  the  carbons  without  drawing  an  arc, 
since  only  a  very  small  current  can  pass  through  the  shunt  coils 
of  the  other  lamps  in  the  series.  The  carbons  will  tend  to  vibrate, 
like  the  hammer  of  an  electric  bell,  until  all  the  carbons  are  down 
together,  when  they  can  all  pick  up  their  arcs.  The  coarse-wire 
shunt  passes  sufficient  current  around  the  carbons  when  apart  to 
maintain  an  arc  between  the  carbons  of  any  other  lamp  in  the 
series.  As  soon  as  the  arc  is  struck,  the  circuit  of  the  coarse- 
wire  shunt  is  of)ened  by  the  armature  or  an  auxiliary  magnet 
or  some  such  device. 

Cut-out.  —  In  all  series  lamps  it  is  absolutely  essential  to 
insert  a  device  by  which  a  continuous  path  is  provided  for  the 
current  in  case  the  carbons  fail  to  feed,  or  if  they  are  totally 
consumed,  or  when  the  lamp  is  to  be  rendered  harmless  for 
inspection.  In  a  circuit  fed  by  a  powerful  arc  machine  the  ten- 
dency to  maintain  the  current  is  enormous ;  and  an  arc  a  yard 
long  may  be  drawn  at  a  potential  of  two  thousand  volts  or  more, 
unless  some  positive  and  reliable  means  exists  for  short  circuiting 
it.  These  devices,  known  as  cut-outs,  are  contacts  connected  to 
the  poles  of  the  lamps,  and  so  arranged  that  they  are  brought 
together  as  required.     Cut-outs  should  operate  — 

When  the  carbons  fail  to  feed. 

When  the  carbons  are  consumed  or  broken  off. 

When  operated  by  hand  by  the  trimmer. 

The  surfaces  of  the  cut-out  that  make  contact  should  be  made 
of  a  metal  not  easily  oxidized,  such  as  silver,  and  with  the  sur- 
faces vertical'  so  as  not  to  ccrflect  •  dust.  A  common  form  of  cut- 
out is  a  silver  button  on  the  armature  making  contact  with  a 
fixed  button,  when  the  armature  is  pulled  all  the  way  over  by 
the  shunt  coil.  This  practice  is  not  to  be  commended,  since  it 
does  not  operate  if   the  armature  itself  should  stick.     A  better 
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arrangement  is  an  auxiliary  cut-out  in  addition  to  the  armature 
cut-out,  which  will  operate  even  if  the  armature  sticks.  The  dis- 
advantage of  such  a  device  is  that  it  is  liable  to  operate  when  not 
wanted,  but  this  may  be  overcome  by  adjusting  the  auxiliary  cut- 
out to  act  only  at  considerable  increase  over  normal  potential 

The  cut-out  that  comes  into  play  when  the  carbons  are  con- 
sumed consists  usually  of  a  contact  attached  to  the  carbon  rod 
or  parts  moving  with  it,  making  connection  with  another  contact 
on  a  fixed  part  of  the  lamp.  To  cut  out  the  lamp  by  hand,  a 
lever  is  frequently  provided  that  will  have  the  same  effect  as  the 
descent  of  the  carbon.  In  any  case,  the  effect  of  a  series  cut-out 
is  to  dead  short  circuit  the  lamp,  making  it  safe  to  handle. 

On  lamps  that  are  run  two  in  series  on  constant  potential 
circuits,  the  cut-out  must  be  set  to  introduce  a  resistance  that  will 
produce  the  same  drop  as  the  lamp  itself,  thus  disturbing  the 
other  lamp  or  lamps  in  the  same  string  as  little  as  possible. 

Inclosed  arcs  when  run  in  series  require  a  similar  cut-out,  but 
have  none  at  all  when  burning  singly  in  parallel  on  incandescent 
circuits.  In  this  case  the  arc  breaks  when  the  carbons  are 
exhausted,  and  the  lamp  goes  out. 

Long-range  pull  of  magnets.  It  is  evident  that  the  magnets 
of  all  lamps  must  exert  a  pull  on  their  armatures  just  sufficient  to 
maintain  a  balance,  whether  the  armature  be  close  to  or  far  from 
the  pole.  Where  the  force  to  be  overcome  by  the  armature  pull 
remains  constant,  the  magnet  or  solenoid  must  be  constructed  so 
as  to  have  long  range,  that  is,  an  even  pull  throughout  the  travel  of 
the  armature. 

Where,  however,  the  attraction  of  the  coil  for  the  armature 
is  very  unequal  through  the  limit  of  motion,  as  it  is  apt  to  be 
unless  specially  provided  for,  the  force  of  the  armature  is  equal- 
ized over  the  range  of  the  carbon  motion  by  some  mechanical 
device,  called  an  equalizer,  such  as  a  pair  of  cams. 

Temperature  Correction,  Another  essential  feature  of  mod- 
em lamps  is  an  arrangement  whereby  the  energy  at  the  arc  is 
maintained  constant,  independent  of  variations  in  the  temperature, 
and  hence  current  in  the  shunt  coil.  In  shunt  lamps  this  is 
usually  effected  by  the  somewhat  expensive  recourse  to  a  sf)ecial 
metal,  with  a  low  temperature  coefficient,  for  the  wire  of  the 
shunt.     In  differential  lamps  it  is  usual  to  shunt  the  series  coil 
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itself  with  a  small  piece  of  low  coefficient  metal.  When  the 
shunt  resistance  increases  through  heat,  weakening  its  current 
and  pull,  it  would  be  overpowered  by  the  series  coil  were  it  not 
for  the  fact  that  the  copper  series  coil  has  also  risen  in  tempera- 
ture, shunting  more  current  around  itself  through  the  low  coeffi- 
cient wire,  and  thereby  weakening  its  own  pull.  By  proper 
adjustment  of  this  "temperature"  shunt  the  lamp,  whether  hot 
or  cold,  may  be  made  to  maintain  constant  energy  at  the  arc. 

Magnetic  Circuits.  —  The  magnetic  circuits  of  the  shunt  and 
series  coils  have  an  important  bearing  on  the  sensitiveness  of  the 
lamp.  If  the  shimt  coil  is  wound  over  or  under  the  series  coil,, 
but  in  opposition  to  it,  so  that  it  has  no  separate  magnetic  flux 
of  its  own,  increase  in  shunt  current  will  weaken  the  pull  of  the 
series  coil  by  a  certain  number  of  ampere  turns.  When,  how- 
ever, the  series  and  shunt  have  separate  magnetic  circuits,  and 
pull  against  each  other,  an  increase  in  shunt  current  will  draw  the 
armature  or  core  toward  the  shunt  coil,  shortening  and  strength- 
ening its  own  magnetic  circuit,  and  lengthening  and  weakening 
that  of  the  series.  This  strengthens  the  pull  of  the  shunt,  while 
it  weakens  that  of  the  series ;  the  result  being  that  the  actions 
of  the  two  coils  are  stronger  and  more  positive  when  each  has 
its  own  magnetic  circuit. 

The  arrangement  for  feeding  the  carbons  in  arc  lamps  is 
usually  of  the  non-focusing  type  when  intended  for  service  where 
the  utmost  simplicity  of  mechanism  is  esseptial.  All  street  lamps 
were  formerly  non-focusing ;  lately,  however,  the  care  of  electrical 
apparatus  has  become  better  understood,  so  that  focusing  lamps 
are  quite  practicable.  The  focusing  arc  lamp  has  several  advan- 
tages over  the  non-focusing  type.  One  of  these  is  that  the 
shadows  of  the  side  rods  and  bottom  part  of  the  lamp  stay  in  the 
same  place,  and  do  not  increase  in  size,  as  occurs  when  the  arc 
travels  downward  on  the  negative  carbon.  Another  advantage  is 
that  the  heat  is  generated  at  the  same  point,  and  the  globe  is  not 
unevenly  heated  rendering  it  liable  to  crack.  The  focusing  arc 
also  permits  the  use  of  a  very  efficient  reflector,  since  the  reflector 
can  be  placed  and  maintained  close  to  the  arc.  (See  Fig.  268.) 
In  continuous  current  lamps  this  is  not  of  such  great  importance, 
because  most  of  the  light  is  thrown  downward  anyway,  but  in 
alternating  lamps  it  is  quite  essential.     For  use  with  holophane 
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globes  a  focusing  lamp  is  important,  since  the  holophane  is  de- 
signed to  dijffuse  and  distribute  the  light  properly  when  coming 
from  a  certain  specified  point,  preferably  an  inch  or  two  above  the 
center  of  the  globe.  If  this  point  of  light  should  travel  down- 
ward, as  it  does  in  the  non-focusing  lamps  as  the  negative  carbon 
is  consumed,  the  action  of  the  holophane  would  be  much  less  reg- 
ular and  satisfactory.  The  disadvantage  of  focusing  lamps  is  the 
complication  in  mechanism  required  to  feed  the  lower  carbon,  and 
the  added  difficulty  of  trimming.  The  lower  carbon  is  usually 
drawn  up  by  a  chain  passing  around  a  wheel  in  the  upper  part  of 
the  lamp  to  the  carbon-holder  carrying  the  upper  carbon.  As  the 
upper  carbon  descends,  the  lower  one  is  drawn  up,  the  action  being 
regulated  by  a  clutch  working  on  some  part  of  the  wheel  or  chain 
Ynechanism.  Another  disadvantage  of  this  type  of  lamp  is  the 
necessity  for  using  carbons  of  different  sizes.  Thus  a  common 
combination  is  a  j  inch  upper  carbon  14  inches  long,  and  \  inch 
lower  carbon  12  inches  long,  with  a  life  of  about  twelve  hours. 
If  the  lamps  burn  only  seven  or  eight  hours,  as  they  do  during  a 
large  part  of  the  year,  the  remainder  of  the  carbon  is  wasted. 
Whereas,  in  double  carbon  non-focusing  lamps  the  same  length  of 
time  would  consume  practically  all  of  one  pair  of  carbons.  If  it 
consumed  more  or  less  than  an  even  pair  of  carbons,  the  remaining 
portion  would  be  used  to  trim  one  side  of  the  lamp,  and  a  full  set 
of  carbons  would  be  used  in  the  other.  Thus,  no  carbon  is  wasted, 
unless  the  lamps  bum  so  long  that  more  than  one  and  one-half 
pairs  of  carbons  are  required ;  in  this  case  of  course  it  would  be 
necessary  to  fully  renew  both  pairs.  Again,  carrying  two  sizes  of 
carbons  in  stock  is  somewhat  of  a  nuisance  for  arc-light  stations 
and  lamp-trimmers. 

Double  Carbon  Lamps.  —  Originally,  in  order  to  gain  life,  car- 
bons were  made  very  long,  and  were  therefore  expensive  and  liable 
to  break.  A  pair  of  carbons  some  12  or  14  inches  long,  of  a  size 
that  will  give  good  efficiency  and  steadiness,  such  as  ^  inch,  will 
not  last  longer  than  eight  hours ;  and  this  was  found  too  short  for 
all-night  service  during  the  American  winter.  To  meet  this  need, 
Brush  invented  the  double-carbon  lamp.  In  this  lamp  there  are 
two  independent  sets  of  carbons,  both  fed  by  one  mechanism.  The 
Brush  clutch,  which  is  shown  in  Fig.  277,  is  the  device  originally 
used  to  feed  one  pair  until  it  was  consumed,  and  then  the  other. 
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As  will  be  seen,  it  consists  essentially  of  a  clamp  holding  two 
washers,  each  one  encircling  one  of  the  carbon  rods.  The  carbon 
rod  is  gripped  by  the  tilting  of  the  washer  when  the  clamp  is 
raised,  and  the  clamp  is  so  shaped  (one  of  the  jaws  being  wider  and 
one  washer  having  a  larger  hole  than  the  other)  that  one  washer 
is  tilted  more  than  the  other.  This  causes  one  washer  to  grip  its 
rod  before  the  other.    As  the  clamp  is  raised,  the  rod  first  gripped 


F\g.  277.    Original  Brush  Clutch, 

lifts  its  carbon  from  the  negative,  and  the  arc  follows  between  the 
next  carbon  and  its  negative.  In  order  to  keep  feeding  the  carbon 
last  raised,  and  not  the  other  one,  a  stop,  or  release,  is  so  placed 
that  on  the  descent  of  the  clamp  it  will  come  in  contact  with  the 
washer  that  has  been  most  tilted,  and  release  its  grip  on  the  rod 
before  the  other  washer  has  struck  the  detent.  When  this  carbon 
rod  has  descended  its  full  length,  the  clamp  in  trying  to  feed  falls 
still  more,  finally  touching  the  release,  allowing  the  second  carbon 
rod  to  slip  down  and  strike  the  arc.  The  extreme  simplicity  of 
this  mechanism  found  immediate  favor,  and  the  short  carbons  that 
it  was  enabled  to  use  materially  lessened  the  cost  of  arc  lighting. 
Practically  the  same  device  is  applied  at  present  in  a  modified  form 
in  all  double-carbon  lamps. 

Carbon  Feed.  —  Two  methods  are  commonly  employed  to  feed 
the  carbons :  In  one,  the  clutch  mechanism  acts  directly  on  the 
carbon,  and  this  is  termed  direct  or  carbon  feed.  In  the  other 
form,  the  carbon  is  gripped  by  a  clamp  attached  to  a  long  rod, 
sometimes  to  a  chain  passing  over  a  wheel,  and  the  feeding  is  done 
by  the  action  of  a  clutch  gripping  the  rod  or  wheel.  When  the 
rod  is  used  the  lamp  is  known  as  a  rod  lamp,  or  in  the  case  of  a 
chain  or  band  as  a  chain  or  band  lamp. 

Rod  Fred,     Taking  up  the  rod  feed  first :     The  advantage  it 
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offers  is  that  the  carbon  is  positively  clamped  in  a  holder  making^ 
good  contact  between  carbon  and  metal.  The  surface  resistance 
of  carbon  is  very  high,  causing^  a  great  tendency  to  arc  unless  the 
contacts  are  broad  and  substantial.  The  metallic  rod  usually  has  a 
smooth  and  polished  surface  on  which  the  clutch  grips,  so  that  the 
action  of  the  clutch  is  quite  regular.  If,  instead  of  a  tilted  ring,  a 
modified  form  of  clutch  is  used,  having  a  longer  gripping  surface, 
such  as  shown  in  Fig.  278,  being  the  new  Brush  clutch,  nicks  or 


i^lg,  278,    Mew  Brush  Clutch, 

dirt  on  the  carbon  rod  will  not  affect  the  evenness  of  the  feed. 
The  weight  of  the  metallic  rod  makes  its  descent  sure,  and  the 
current  is  fed  to  it  easily  by  means  of  contact  brushes  or  springs 
bearing  on  it.  The  disadvantage  of  the  rod  is  that  it  requires  to 
be  polished  or  kept  bright ;  that  it  is  apt  to  warp  by  heat,  or  be 
bent  by  carelessness  in  handling ;  and  that  the  length  of  the  lamp 
is  greatly  increased  since  the  carbon  rod  must  be  considerably 
longer  than  the  carbon  itself.  The  chain-and-wheel  feed  is  a 
modified  rod  feed  in  which  the  clutch  grips  the  wheel  or  chain 
instead  of  the  carbon.  This  avoids  the  chance  of  bending  the  rod ; 
and,  as  the  wheel  may  be  inclosed  in  the  lamp,  does  away  with  the 
necessity  of  polishing  the  working  surfaces  that  are  tarnished  by 
exposure  to  the  atmosphere,  as  in  the  case  of  the  rod.  But  the 
element  of  friction  is  introduced  in  all  lamps  having  chain  feed^ 
which  is  apt  to  cause  irregularity  in  a  lamp  after  it  has  been  in 
service  some  time  and  the  parts  have  become  oxidized. 

Direct  or  Carbon  Feed,  Passing  to  lamps  in  which  the  clutch 
grips  the  carbon  directly,  it  will  be  noticed  that  they  have  the 
advantage  of  minimum  length,  since  the  whole  lamp  need  be  but 
very  little  longer  than  the  added  lengths  of  the  carbons  used. 
The  difficulty  with  these  lamps  is  that  the  carbon  has  little  weight, 
and  will  not  descend  with  a  positive  action  unless  it  is  weighted  by 
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some  device  at  the  top.  This  lengthens  the  lamp.  Again,  what 
is  probably  the  greatest  difficulty  is  the  feeding  of  the  current  to 
the  carbon.  If  this  is  accomplished  by  means  of  rings,  or  any 
sliding  contact  device,  there  will  always  be  a  tendency  to  arc  if 
the  parts  become  oxidized  or  covered  with  dust,  since  the  contact 
between  the  carbon  and  the  ring  or  brush  cannot  be  very  good 
without  introducing  too  much  friction.  If  a  flexible  cord  is  used  to 
convey  the  current  to  the  carbon,  it  requires  a  form  of  carbon  holder 
which  will  take  up  considerable  room,  and  needs  a  guide  to  direct 
the  upper  end  of  the  carbon  ;  furthermore  a  flexible  cord  is  not  a  very 
reliable  thing  to  employ,  because  continual  bending  of  the  wire  and 
insulation  wijl  ultimately  break  the  wire  and  fray  the  insulation. 

Clutches.  —  A  clutch  is  a  device  intended  to  move  freely  over 
a  surface  in  one  direction,  and  grip  it  when  the  movement  is 
reversed.  The  usual  function  of  a  clutch  in  an  arc  lamp  is  to  grip 
the  carbon  or  rod  so  that  it  cannot  slip  until  the  clutch  has 
been  opened  by  descending  far  enough  to  touch  a  release.  There 
are  any  number  of  different  types  of  clutch,  but  as  a  rule  the 
simplest  are  the  best.  Clutches  are  frequently  constructed  like  an 
ice-tongs,  which  grip  when  the  supporting  weight  is  on  them,  but 
release  as  soon  as  pressed  down.  (See  Fig.  295.)  Any  cam  sur- 
face will  act  as  a  clutch  when  the  pivot  around  which  the  cam 
moves  is  fixed,  and  the  object  is  gripped  between  the  edge  of  the 
cam  and  another  fixed  surface.  There  is  a  critical  angle  at  which  a 
clutch  of  this  kind  fails  to  work,  varying  according  to  the  material 
of  which  the  cam  and  the  surface  that  it  grips  are  made.  A  com- 
mon value  for  this  angle  would  be  fifteen  degrees  above  the  hori- 
zontal. A  good  clutch  should  release  the 
surface  that  it  grips  with  the  minimum 
effort  by  the  release.  The  effect  of  a 
clutch  sticking  is  to  cause  most  of  its 
weight  to  rest  on  the  release,  therefore 
varying  the  weight  supported  by  the  mag- 
net coils,  and  causing  irregular  lengths  of 
arc.  If  a  clutch  sticks  badly  the  arc  will 
lengthen  until  it  goes  out,  in  the  case  of 
constant  potential  lamps. 
•  The  roller  clutch  m  Fig.   279  is  self- 

evident   in  its  manner   of  working.      Such    clutches  as  are  not 
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specially  shown  will  be  found,  in  their  many  forms,  on  the  cuts  of 
lamp  mechanism  in  this  chapter.  Other  forms  of  mechanism  that 
are  not  so  much  used  in  modem  practice  are  the  rack  or  escape- 
ment feed  and  the  hot-wire  mechanism. 

The  name  of  the  former  is  sufficiently  descriptive,  and  all 
lamps  operating  on  this  principle  give  the  same  trouble  that  a 
clock  would  if  exposed  to  heat,  dust,  and  atmospheric  influences. 
When  in  good  condition  these  clockwork  lamps  give  fine  results, 
but  quickly  get  out  of  order. 

The  hot-wire  lamp,  shown  in  Fig.  280,  is  the  other  extreme, 
since  it  has  practically  no  mechanism  at  all.  One  end  of  a  wire 
made  of  an  alloy  with  a  high  coefficient  of  expansion 
is  fastened  to  the  frame  of  the  lamp.  The  other 
end  of  the  wire,  which  usually  passes  several  times 
up  and  down  through  the  lamp,  is  fastened  to  a 
clutch,  gripping  the  carbon.  This  clutch  is  held 
up  by  a  spring  working  against  the  pull  of  the 
wire.  For  an  inclosed  arc  lamp,  the  wire  is  in 
series  with  the  arc.  When  the  lamp  is  cold,  the 
wire  contracts,  and  draws  the  clutch  and  carbon 
down.  When  current  is  turned  on,  the  wire  heats 
rapidly,  and  expanding  allows  the  spring  to  draw  up 
the  carbon,  springing  the  arc.  If  the  current  in- 
creases, the  wire  expands  further,  allowing  the  spring 
to  lengthen  the  arc  and  vice  versa.  Despite  its 
apparent  simplicity  and  positive  action,  there  are 
several  difficulties  with  this  type  of  lamp.  One  is 
the  lack  of  sensitiveness  in  the  wire  ;  because  small 
current  variations  have  little  effect  upon  the  tem- 
f)erature,  and  a  mechanism  of  this  kind  is  slow  to  re- 
spond, compared  with  a  solenoid  or  magnet.  If  the 
arc  is  accidentally  extinguished,  the  length  of  time 
required  to  cool  the  wire  so  that  the  carbons  touch 
again,  is  considerable.  Such  lamps  are  also  af- 
fected by  the  surrounding  temperature  unless  com-  Hot-wire  LalUp. 
pensating  wires  are  introduced,  which  destroy  the 
simplicity.  For  alternating  lamps  the  hot  wire  has  the  great  ad- 
vantage of  being  free  from  magnetic  vibration.  It  is  essentially  a 
cheap  and  simple  construction  capable  of  greater  development. 
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Inserted  Arcs.  —  In  order  to  obtain  diffused  illumination  the 
arc  is  sometimes  inverted  (Fig.  281),  so  that  most  of  the  light  is 
thrown  on  the  ceiling  to  be  reflected  downward.     In  such  cases 

it  is  usual  to  feed  the  negative 
carbon  as  it  is  then  the  upper 
one.  It  may  be  a  trifle  larger 
and  the  positive  a  little  smaller 
than  usual,  since  the  rising  heat 
of  the  arc  adds  to  the  rate  of 
consumption  of  the  negative  in- 
stead of  the  positive.  For  a 
similar  reason  inverted  arcs  are 
almost  a  third  shorter  for  a  given 
voltage  than  ordinary  arcs,  and 
the  efficiency  is  diminished. 
This  results  because  it  requires 
more  energy  to  maintain  the 
heat  of  the  crater  when  it  is 
underneath,  which  is  equivalent 

F\g.  281.    Inverted  Arc  Lamp.  tO   a    IcSS    length    for    the    Same 

energy.      Ordinary   lamps    are 
also  used,  with  upturned  reflectors  underneath. 

Lamp  Mechanism.  —  The  variations  of  open-arc  mechanisms 


Fig.  282.    The  Under  Reflector. 


are  almost  endless,  but  with  the  previously  explained  principles 
any  may  be  mastered  with  a  little  study. 
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Pig,  288.    CireuitM  of  Tkomton-Houston 
Lamp, 


In  Fig.  283  we  have  the  Thomson-Houston  lamp  mechanism, 
showing  the  electric  circuits.  It  consists  of  a  seesaw  lever,  LL, 
pivoted  at  O,  and  provided  with  a 
long  tail,  T,  the  motion  of  which 
is  modified  by  an  air  dash-pot. 
Below  is  an  electro-magnet,  M,  in 
the  main  circuit ;  and  above  is  a 
second,  5,  which  is  connected  as 
a  shunt.  The  pole  pieces  are  of 
conoidial  shape,  protruding  through 
apertures  in  the  armatures,  aa,  and 
dd,  to  give  a  longer  range  of  pulL 
The  lower  and  the  upper  arms  of 
the  clutch,  marked  R  and  6,  close 
together  when  the  tail,  T,  rises, 
gripping  the  carbon  rod,  C,  and 
raising  it.  The  current  enters  the 
lamp  through  an  insulated  terminal  at  +  P,  flows  first  around  M, 
and  then  goes  to  the  frame  of  the  lamp. 

Thence  it  divides,  the  main  current  finding  its  way  to  the 
upper  carbon-holder,  and  so  through  the  arc  to  the  lower  carbon- 
holder,  whence  it  returns  (by  a  route  not  shown)  to  the  insulated 
negative  terminal,  —  P, 

A  smaller  portion  of  the  current  flows  up  around  the  shunt 
electro-magnet  to  —  P.  The  arc  is  struck  by  the  preponderating 
main  current  in  M  attracting  the  lever  end  of  the  seesaw  lever, 
and  raising  the  clutch.  The  feeding  is  accomplished  by  the 
increased  pull  of  the  shunt  magnet  if  the  arc  tends  to  become 
too  long  owing  to  the  carbons  burning  away. 

The  resistance  wire  P  from  -h  P  to  c  constitutes  a  cut-out  cir- 
cuit, which  is  brought  into  operation  by  the  augumented  current  in 
5  on  any  failure  of  the  main  current.  The  small  coil  connected 
across  from  -{-  P  to  the  lamp  frame  is  a  mere  adjustment  to  regu- 
late once  for  all  the  power  of  the  series  coil,  M,  relatively  to  the 
shunt  coil,  S. 

Among  the  best-known  open-arc  lamps  are  the  Brush  (differ- 
ential), Fig.  284  ;  Thomson-Rice  (shunt),  Fig.  285  ;  Adams-Bagnal 
(differential-focusing),  Fig.  286  ;  Bergmann  (constant  potential), 
and  Westinghouse  (alternating) ;  and  many  other  successful  forms. 
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Mechanism  of  Inclosed  Arc  Lamps.  In  inclosed  arc  lamps  a 
simpler  mechanical  construction  has  been  reached,  by  reason  of 
the  greater  length  of  arc  permissible,  and  the  introduction  of  inde- 
pendent units  on  constant  potential  mains.  The  general  construc- 
tion of  Ac.  and  a.c.  lamps  is  similar,  the  essential  difference  being 
the  lamination  of  the  magnetic  parts  of  the  a.c.  lamps. 

In  a  d.c.  inclosed  arc,  the  lower  carbon  is  usually  fixed  in  the 
bulb,  and  the  upper  carbon  slides  down  upon  it  by  gravity.  To 
spring  a  quiet  arc  the  upper  carbon  must  be  lifted  about  |  inch, 


Fig,  284.    Bruth  Lamp  ii§etiaiiiam, 

and  remain  there,  when  the  current  is,  say  5  amperes.  The  cur- 
rent should  stay  at  5  amperes  whether  the  armature  of  the  sup- 
porting magnet  is  near  the  upper  or  the  lower  part  of  its  travel, 
and  whether  it  carries  the  full  weight  of  a  new  carbon  or  half  the 
weight  of  one  near  the  end  of  its  run.  The  carbon  must  feed 
down  a  little  each  time  the  armature  drops  to  the  feeding-point, 
without  greatly  varying  the  current.  In  any  case  the  current 
must  be  fed  to  the  moving  carbon  by  some  positive  device,  as  the 
contact  resistance  of  carbon  is  high  and  variable. 
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Effect  of  Weight  of  Moving  Parts.  The  weight  of  a  carbon 
12  inches  long  and  J  inch  in  diameter  is  2  ounces.  After  a  run 
about  6  inches  will  be  left  in  the  holder.  Thus  the  weight  of  the 
moving  parts  has  decreased  by  about  one  ounce.  If  originally  the 
total  weight  of  carbon,  clutch,  armature,  etc.,  was  6  ounces,  and 
it  required  a  current  of  5  amperes  to  hold  them  in  balance,  then  4 
amperes  will  balance  the  weight  at  the  end  of  the  run,  and  the 


Ftg.  286.     Thomson'Rtot  Lamp  Meohantam. 

lamp  gives  less  light.  Unfortunately  to  this  is  added  the  effect  of 
the  dust  which  has  collected  in  the  bulb  during  the  run.  It  is, 
therefore,  very  desirable  to  keep  the  current  as  nearly  the  same  as 
possible,  but  this  necessitates  heavy  moving  parts  like  a  carbon 
rod  or  weighted  carbon-holder.  With  a  total  weight  of  10  to  20 
ounces,  the  decrease  of  current  with  carbon  consumption  is  usually 
too  small  to   be  objectionable.     Ha\ing  settled  on  the  allowable 


Digitized  by  VjOOQIC-. 


862  ELECTRIC  LIGHTING. 

current  variation  from  beginning  to  end  of  run,  the  next  consider- 
ation is  the  current  variation  caused  by  the  position  of  the 
armature. 

Effect  of  Position  of  Armature,     The  magnet  or  solenoid  with 
5  amperes  of  current  should  exactly  balance  the  weight  of  the 


Fig.  286.    Adama-Bagnall  Lamp.  Fig.  287.    Carbon-Fted,  Constant  Potentiaf, 

Direct  Current  Lamp. 

moving  parts  anywhere  within  their  limits  of  travel,  usually  §  to 
i  of  an  inch.  The  best  procedure  to  ascertain  the  accuracy  of  a 
mechanism  is  to  disconnect  the  arc  gap,  and  substitute  for  it  an 
adjustable  resistance.  Adjusting  the  current  to  5  amperes,  the 
armature  will  usually  be  found  to  travel  upward  when  near  the 
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solenoid,  but  fall  when  some  distance  down.      This  would  be  a 
departure  from  perfect  design,  and  should  be  avoided  as  much  as 
possible.     Magnetic  parts  can  be  constructed   to  balance  at  any 
part  of  a  j"  travel  within  one  per  cent  of  the  normal  current.     It 
may  occur  that  with  an  armature  in  the  upper  position  only  4^ 
amperes  will  be  required  to  hold  it  there,  while  at  the  lower  limit 
of  travel  5^  may  be  necessary.    Such  a  lamp  would  have  a  variation 
of  at  least  Ij  amperes,  depend- 
ing on  the  position  of  its  arma-  *" 
ture.      The    latter    varies    any- 
where    from    top    to    bottom, 
according  to  how  delicately  the 
clutch    feeds    the    carbons   and 
according  to  the  voltage.     If  the 
clutch  allows  only  a  very  small 
length  of  carbon  to  slip  down 
when  it  feeds,  the  armature  will 
tend   always  to   hang  near  the 
position  of  clutch  release  unless 
the    line  voltage  rises  accident- 
ally. 

Effect  of  Levers  and  Com- 
'plicatiofis.  Some  lamps  contain 
combinations  of  levers  or  link 
motion  by  which  the  balance  of 
the  moving  parts  is  affected. 
For  instance,  the  carbon  and 
holder  may  be  partially  counter- 
balanced by  weights,  or  the 
clutch    or    solenoid    may   act 

through  a  lever  or  at  an  angle.       ^g,  288,  Eiectneai  ctrouita  in  Fig.287, 
In  such   cases    it    is    important 

to  see  that  the  introduction  of  the  levers,  etc.,  does  not  vary  the 
weight  upon  the  solenoid  by  reason  of  the  leverage  changing 
with  the  position  of  the  armature.  It  is  also  necessary  that  the 
net  weight,  after  deducting  for  any  counter-balancing,  is  large  com- 
pared to  the  weight  of  the  carbon  alone. 

Effect  of  Frictioft.     In  all  lamps  the  working  parts  and  carbons 
move  with  more  or  less  friction  in  the  guides,  dashpots,  gas-cap. 
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etc.  This  introduces  a  variation  in  current  equal  to  double  the 
current  equivalent  of  the  friction.  This  may  be  detected  as  fol- 
lows :  stroke  the  moving  parts  gently  in  a  downward  direction, 
and  release  them  gradually.  They  will  rise  until  the  solenoid  has 
overcome  the  weight  plus  the  friction ;  then  note  the  current,  which 
may  be  5^  amperes.  In  the  same  manner  raise  the  moving  parts 
slightly,  and  allow  them  to  descend  gently,  when  the  solenoid  over- 
comes the  weight  minus  the  friction,  and  the  current  will  be,  say 
4|  amperes.  This  would  be  a  frictional  variation  of  one-half 
ampere. 

Causes  of  Variation  of  Arc  Voltage,  It  is,  of  course,  under- 
stood that  variations  of  current  produce  corresponding  changes  of 
voltage  at  the  arc,  where  the  arc  is  in  series  with  a  resistance  as 
it  is  in  constant  potential  direct  current  work.  A  further  change 
arises  from  the  increase  of  the  resistances  in  series  with  the  arc 
due  to  heat.  A  resistance  drop  of  perhaps  one  volt  occurs  in  the 
average  carbon,  possibly  two  volts  in  the  magnet  winding,  but  the 
larger  part  in  the  series  resistance.  When  the  lamp  has  become 
thoroughly  heated,  the  drop  may  have  increased  nearly  one  volt 
in  the  magnet,  and  several  volts  in  the  resistance,  unless  it  has 
been  made  of  material  having  a  low  temperature  coefficient.  If  the 
total  increase  in  drop  amounts  to  more  than  three  or  four  volts 
it  becomes  quite  noticeable  in  the  arc.  We  must  also  take  into* 
consideration  the  fluctuation  of  line  voltage  superimposed  on  the 
resistance  variation,  which  may  be  anything  from  two  to  twelve 
volts  or  more.  If  the  lamp  is  perfectly  adjusted  to  maintain  con- 
stant current,  the  drop  in  the  resistance  being  the  same,  the  arc 
voltage  varies  exactly  with  the  line  voltage ;  if  out  of  adjustment, 
the  arc  voltage  is  still  more  unsteady. 

Cumulative  Effect  of  Disturbances,  The  several  disturbing 
factors  are  sometimes  cumulative,  and  tests  on  the  same  lamp  at 
different  hours  of  the  day,  with  varying  positions  of  the  armature, 
different  periods  of  the  run,  etc.,  often  show  an  astonishing 
variation. 

For  example,  take  the  following  data  for  a  lamp,  not  worse 
than  many  found  in  everyday  practice  :  — 

Current  balancing  a  1 2"  carbon  in  a  given  position  of  armature  ....  6*  amp. 
"  "  6"  "  "  same  •*  "  "  ....  6  amp. 
**         with  a  given  carbon  when  mechanism  is  rising oi  amp. 
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Cnrrent  with  a  given  carbon  when  mechanism  is  falling 42  ampi 

<«        balancing  a  given  carbon  (armature  up)       5    amp. 

«  ti  «  u        I         It       down) 61  amp. 

Resistance  (magnet  and  resistance  wire)  cold 6  ohms. 

"  hot 7  ohms. 

Mains  at  different  hours  vary  from  117  to  112  volts. 

With  the  lamp  hot  after  the  first  few  hours  of  its  run,  armature 
low,  and  being  raised  against  friction  of  carbon  in  gas-cap,  etc.,  the 
current  and  voltage  will  be :  — 

Current  =  6|  amp.  due  to  long  carbon  +  }  amp.  due  to  position  of  arma- 
ture -h  \  ampere  due  to  friction 6i  amperes 

Drop  in  resistance  hot  (7  X  61) 43.76  volts 

With  mains  at  112  volts,  we  have  arc  voltage  (112  —  43.75) 68.26  volts 

with  6i  amperes  of  current. 

With  lamp  cold,  started  after  1-40  hours  previous  burnings 
armature  high  and  descending,  the  other  extreme  condition 
will  be:  — 

Current  =  5  amp.  due  to  short  carbon —  \  due  to  friction 4|  amperes 

Resistance  (magnets  and  resistance  wire)  cold 6  ohms 

Drop  in  resistance  (6  X  42) 28*  volts 

With  mains  at  117  volts  arc  voltage  is  (117—28*) 88*  volts 

with  4}  amperes  of  current. 

This  lamp  might  vary  from  88J  volts  at  4J  amperes  to  68^ 
volts  at  6  amperes,  without  considering  the  variation  introduced  by 
the  clutch  release  supporting  more  or  less  of  the  weight  of  the 
moving  parts  at  the  feeding-point.  When  it  is  remembered  that 
the  same  lamps  with  the  same  adjustment  are  used  in  different 
parts  of  a  building  with  an  isolated  plant,  or  in  various  parts  of 
central-station  territory  where  the  extremes  of  voltages  at  different 
hours  are  much  larger  than  those  given  above,  and  the  lamps  them- 
selves worse,  it  is  not  surprising  that  some  lamps  are  unsteady, 
give  irregular  life,  and  show  blackened  bulbs.  High  arc  voltage 
produces  short  carbon  life  and  clean  bulbs,  low  voltage  vice  versa. 
High  current  tends  to  burn  the  dust  into  the  bulb,  deposits  uncon- 
sumed  carbon  on  it,  and  may  even  soften  it.  Poor  inclosure  at  gas- 
cap  edges,  center,  or  at  the  base  of  the  bulb,  reduces  the  life.  Too 
perfect  inclosure  results  in  blackened  bulbs,  due  to  unconsumed 
carbon.  Gas-caps  often  warp  after  being  greatly  heated,  asbestos 
washers  for  bulbs  often  chip,  dashpots  stick,  etc ,  so  that  when 
difficulty  is  experienced  in    the  operation   of  a  lamp   it  must  be 
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patiently  ferreted  out,  whether  due  to  the  lamp  construction,  the 
carelessness  of  the  trimmer,  or- the  fluctuations  of  the  circuit. 
The  curves  below  illustrate  the  result  of  weeding  out  difficulties  in 
lamp  mechanism  one  by  one.  Fig.  289  shows  the  lamp  current, 
and  Fig.  290  the  line  voltage  of  a  poor  lamp  under  unfavorable 
conditions.  Fig.  291  is  current  for  the  same  lamp,  its  faults  cor- 
rected on  the  same  circuit,  the  voltage  card  being  the  same  as 


Fig.  289.    Current  Variation  in  Badly  Adjusted  Lamp. 

before  (Fig.  290).     As  modified,  it  shows  constant  current  under 
violently  fluctuating  line  voltage. 

Function  of  Dash-pots.  Air  dash-pots  are  used  in  most  lamps 
to  overcome  the  tendency  of  the  moving  parts  to  overshoot  on 
account  of  their  inertia.  When  constructed  so  as  not  to  become 
corroded,  clogged  with  dust,  nor  warped  by  heat,  they  offer  very 
little  resistance  to  slow  motion,  but  effectually  check  the  too  rapid 
or  excessive  motion  due  to  inertia. 
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Usual  Current  and  Voltage,  In  inclosea  arc  lamps  for  con- 
stant potential  direct  current  circuits,  the  arc  is  usually  run  with 
5  amperes,  at  about  79  volts.  The  voltage  may  be  as  high  as 
95  volts  if  the  mechanism  is  sufficiently  sensitive.  It  is  usual  to 
interpose  resistance  alone  between  the  mains  and  the  arc,  but  it 
is  claimed  that  a  considerable  amount  of  self-induction  can  be 
used  to  replace  part   of   the  resistance.     As  a  rule,  the   higher 


Fig.  290.    Variable  Voltage  of  Supply  Circuit. 

the  line  voltage,  the  higher  the  permissible  voltage  at  the  arc,  but 
only  within  narrow  limits.  High-voltage  arcs  tend  to  waver  and 
cut  out.  Roughly  speaking,  the  most  economical  line  voltage  for 
d.  c.  constant  potential  inclosed  lamps  is  about  105  volts. 

Constant  Potential  Alternating  Inclosed  Arcs.  For  constant 
potential  alternating  circuits  the  inclosed  arc  has  come  into  exten- 
sive use,  with  a  voltage  of  70  to  73  at  the  arc  and  6  amperes. 
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Such  lamps  (Fig.  292),  are  similar  to  direct  current  lamps  except 
for  the  lamination  of  the  magnetic  parts,  the  use  of  an  adjustable 
reactance  coil  in  place  of  a  resistance,  and  the  cushioning  or 
spring  suspension  of  the  parts  that  vibrate  and  tend  to  produce 
humming.  The  reactance  coil  is  usually  adjustable  to  compensate 
for  secondary  voltages  between  100  and  120,  and  cycles  from  60 
to  140.     Since  the  lower  carbon  is  consumed  nearly  as  fast  as  the 


Fig,  291.    Current  in  Readjuattd  Lamp. 

upper  one,  a.  c,  inclosed  arcs  are  provided  with  long  bulbs  to  per- 
mit of  a  long  lower  carbon  being  used.  As  already  mentioned, 
one  cored  and  one  solid  carbon  give  the  highest  voltage  arc  that 
will  be  stable.  The  upper  is  usually  9J  inches  long  for  a  six-inch 
lower,  this  difference  being  necessary  because  the  upper  carbon 
is  consumed  somewhat  faster,  and  because  it  must  project  from 
its  holder  down  through  the  gas-cap  far  enough  into  the  bulb  sa 
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that  the  arc  will  not  be  sufficiently  near  the  gas-cap  to  injure  it. 
The  life  being  limited  by  the  length  of  the  lower  carbon,  which, 
in  turn,  is  limited  by  the  length  of  the  bulb,  these  lamps  burn 
only  80  to  100  hours.     Of  625  apparent  watts  a  good  lamp  con- 


-*,  f,  Tif 


fiq.  292.  Carbon'Fe9d,  Con- 
stant Potential,  A/terna- 
Ung  Current  Lamp. 


Fig,  293.    Eleotrloat  Cinulta  in 
Fig 


rig.  294.  Carbon-Feed,  Con- 
stant Direct  Current, 
Series  Lamp. 


sumes  only  430  to  450  true  watts,  of  which  35  are  lost   in  the 
reactance  coil. 

Direct  Current  Inclosed  Arcs  for  Series  Circuits.  Inclosed 
arcs  for  d.  c.  series  circuits  are  either  shunt  or  differential  the 
same  as  open  arcs.     (Figs.  294,  and  295.)     They  are  used  on  cir- 


Digitized  by  VjOOQIC 


360 


ELECTRIC  LIGHTING. 


cuits  of  5  to  6.8  amperes,  with  68  to  75  volts  at  the  arc,  and 
burn  from  100  to  140  hours.  The  differential  lamps  require  some 
temperature  correction  to  compensate  for  the  decrease  of  current 
in  the  shunt  winding  of  the  magnet,  as  its  resistance  rises  with 
heat.   They  may  also  be  readjusted  to  circuits  of  various  current 


Fig.  2Z5.    Electrical  Circuits  in  Fig.  294. 

Strengths  by  shunting  more  or  less  current  through  a  small 
auxiliary  resistance,  and  like  open  arcs  are  usually  provided  with 
a  resistance  in  series  with  the  automatic  cut-out.  When  the  cut- 
out operates,  it  short  circuits  the  lamp  terminals  through  this 
resistance,    thus    maintaining    sufficient    difference    of    potential 
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across   the   magnets   to   enable   the   lamp   to   start    up   again    if 
nothing  is  wrong  with  it. 

Inclosed  Arcs  for  Series    Alternating  Circuits.     Many  alter- 
nating stations  have   street-lighting  circuits,  most  of  which  have 
been  operated  by  series  direct  current 
machines  and    lamps,    thus   employing 
two    kinds    of    generating    machinery. 

Series  circuits  are  particularly  adapted  ^ 

to  widely  scattered  lamps  outside  of  the 
regular  lighting  service,  on  account  of 
the  low  cost  of  the  single-wire  series 
line.  Furthermore,  it  is  usually  desir- 
able to  have  the  street  lamps  on  one  or 
more  independent  circuits,  so  that  they 
may  be  lighted  or  extinguished  from 
the  station.  By  using  the  series  alter- 
nating arc  system  this  can  be  effected 
without  separate  '  machinery.  It  con- 
sists of  the  lamp  circuit,  and  a  device 
connected  to  the  regular  constant  po- 
tential alternating  mains,  which  will 
maintain  a  constant  alternating  current 
in  the  independent  lines. 

One  method  is  to  use  a  transformer 
already  described  (p.  171)  having  ex- 
cessive magnetic  leakage,  whereby  the 
secondary  is  made  to  deliver  constant 
current.  Another  device  is  an  auto- 
matically varying  reactance  coil  con- 
nected directly  to  the  primary  mains, 
which  adjusts  the  amount  of  self-indue-  _ 

tion  in    accordance   with   the  instanta-      ^'?'^^'.   carbon^FB^d,  constant 

Alternating  Current,  Series  Lamp, 

neous  impedance  of  the  series  circuit  in 

such  degree  as  to  maintain  constant  current.  Such  devices  are 
capable  of  keeping  the  current  at  6  amperes,  within  one-tenth 
ampere  either  way.  Of  the  two,  the  variable  self-induction  has 
the  advantage  of  low  first  cost  and  repair,  small  space,  and  greater 
'  simplicity.  When  of  the  proper  size  for  the  number  of  lamps  to 
be  governed,  its  power  factor  and  efficiency  are  higher  than  those 
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of  the  transformer,  and  it  permits  of  simple  adjustment  to  greater 
current  strength,  if  more  light  is  demanded  by  the  municipal 
authorities.  It  has  the  disadvantage  of  connecting  the  primary 
mains  directly  to  an  external  circuit.  Fig.  135  shows  the  internal 
arrangements  of  a  100-light  General  Electric  series  transformer 
which  was  fully  described  on  page  172,  and  Fig.  298  the  appear- 
ance of  a  Manhattan  regulator. 


Fig.  297,    ElecMcat  Circuits  in  Fig.  296. 

In  the  regulator  a  reactance  coil  in  series  with  the  lamps  is 
balanced  against  a  weight  in  such  a  manner  that  it  incloses  more 
or  less  of  the  central  leg  of  a  W-shaped  core.  When  the  current 
rises,  the  coil  is  magnetically  drawn  in  by  the  core,  thus  increasing 
the  self-induction,  and  reducing  the  current  to  normal. 

Fig.  299  shows  the  mechanism  of  a  Manhattan  series  alter- 
nating lamp,  which  is  of  the  shunt  type.  The  cut-out  includes  a 
small  magnet  in  its  circuit,  which  holds  the  cut-out  contact  closed 
when  it  has  once  operated  after  the  carbons  are  consumed. 
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The  number  of  series  a.c.  lamps  permissible  on  a  circuit  with 
a  regulator  is  approximately  the  line  voltage  divided  by  80.  More 
than  this  tends  to  cause  simultaneous  jumping  of  all  the  lamps. 
In  either  system  the  watt  loss  in  the  regulating  device  is  only  the 
iron  loss  and  the  small  resistance  loss,  but  the  regulator  has  some- 
what less  than  the  transformer.  The  shunt  lamp  has  the  same 
voltage  at  the  arc  as  at  the  lamp  terminals,  while  the  differential 


Fig,  298.    Constant  Attemating  Current  Regulator. 

lamp  has  4  or  5  volts  less.  The  arc,  in  either  case,  runs  at  about 
70  volts  with  6^-  amperes.  The  power  factor  of  an  entire  system 
of  regulator  and  lamps  may  be  as  high  as  88  per  cent. 

Li^At  Efficiency,  The  luminous  efficiency  of  th^  series  alter- 
nating lamp  is  considerably  lower  than  that  of  a  cdrresponding 
direct  current  series  open  arc,  and  half  of  the  li^ht  would  be 
directed  upward  were  it  not  for  the  reflector,  which  may  send 
downward  again  nearly  90  per  cent  of  the  upigoing  rays. 
Despite  its  lower  efficiency,  it  gives  satisfactory  and  high  apparent  ^ 
illumination,  since  the  pupil  of  the  eye  is  not  contracted  by  thepi^ 
lower  light  intensity  from  the  large  surface  of  bulb  and  reflejot6r, 
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nearly  as  much  as  from  the  small  and  intense  crater  of  the  open 
arc.  The  pavement  below  the  lamp  is  more  free  from  the  vio- 
lently contrasting  bands  of  light  and  shade,  characteristic  of  the 
open  arc,  thus  producing  the  appearance  of  more  uniform  bright- 
ness. For  these  reasons,  largely,  municipal  authorities  often  prefer 
the  series  alternating  lamp  with  its  lower  efficiency  to  open  direct 
current  lamps  consuming  the  same  energy. 


Fig.  209,    Series  Alternating  Current  Lamp.        Fig.  800.    Mounting  of  Hood  upon  Pole. 

Street  Arc  Lamps   must    have    additional    features,    such    as 
hoods,  pulleys,  mast  arms,  suspension  hooks. 

Hoods  should  be  so  arranged  and  set  on  the  pole  tops  as  to 
cast  the  minimum  shadow.     (See  Fig.  300.) 

Where  a  lamp  is  suspended  it  is  well  to  have  some  arrange- 
ment which  cuts  out  the  lamp  when  lowered  to  trim. 

That  the  lamp  is  held  independent  of  lowering  rope,  and  hence 
will  not  fall  if  rope  should  be  broken,  is  a  valuable  feature  of  any 
arc  suspension.  (See  Fig.  301.)  These  pulley  suspensions  hold 
the  lamp  when  raised,  and  release  it  when  about  to  be  lowered. 
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On  raising  the  lamp  a  knob  is  engaged  by  ridges  on  the  sides  of 
the  pulley,  and  takes  all  strain  off  the  rope.  A  pull  at  the  rope 
guides  the  knob  out,  so  that  the  lamp  can  readily  be  lowered. 
Mast  arm  and  pole  arrangement  is  shown  in  Fig  302.  A  suspen- 
sion canopy  is  shown  in  Fig.  303,  and  side  bracket  suspension  in 
Fig.  304.    An  arc  light  cut-out  switch  is  represented  in  Fig.  305. 


Fig.  301.    Cut-out  Pulley. 


Fig.  S02.  Fig.  303.    Hood  for  Suapenafon. 

Projection  Apparatus.  —  Special  forms  of  arc  lamps  are  used  in 
electric  projection  lanterns,  photo-engravers'  lamps,  stage  projectors, 
locomotive  headlights,  etc.  The  life  of  the  carbons  in  such  appa- 
ratus is  of  minor  importance,  and  they  are  usually  of  the  open-arc 
type.  The  carbons  are  generally  inclined  away  from  the  object  so 
that  the  maximum  rays  at  an  angle  of  about  45°  (Fig.  307)  from 
the  axis  of  the  positive  carbon  will  be  directed  nearly  horizontally 
at  the  point  to  be  illuminated.     Besides  being  tilted,  the  upper 
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carbon  is  often  set  back  somewhat  out  of  line  with  the  negative, 
which  brings  the  crater  at  an  angle  without  requiring  the  tilting 
of  the  carbons,  as  represented  in  Fig.   306.      These  lamps  are 


Fig.  305.    Series  Cut'Out  Swftoh, 


Fig.  304.    Bracket  Suapenaton. 


FIga.  306  and  807.    PoaMon  of  Carbona  in 
Projector  Lampa. 


frequently  made  with  hand  or  clock 
work  feed,  partly  because  of  the  diffi- 
culty of  feeding  inclined  carbons  by 
gravity,  and  because  they  are  under 
the  care  of  an  operator.  A  reflector 
with  a  polished  or  dead-white  surface 
is  placed  behind  the  arc. 

In  search-light  projectors,  on  the  contrary,  the  arc  is  directed 
toivard  the  reflector  and  away  from  the  object  to  be  illuminated. 
This  is  done  in  order  that  all  the  emerging  rays  shall  be  parallel, 
in  which  condition  their  intensity  is  theoretically  the  same  at  any 


Fig.  308.    Search  Lamp  with 
Mangin  Mirror. 
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distance  but  practically  not,  owing  to  unavoidable  dispersion  due 
to  the  size  of  the  light-emitting  surface,  aberration  in  the  reflector, 
and  the  refraction  and  absorption  of  the  atmosphere.  With  the 
crater  turned  toward  the  front  of  the  search-light  all  of  its  rays 
that  did  not  strike  the  reflector  would  be  divergent  instead  of 
parallel.  In  search-lights  the  carbons  may  be  either  inclined  or 
horizontal,  in  which   latter  case  the   positive  is   in  front.      The 


Fig.  809.    Starch  Lamp. 

carbons  may  both  be  solid  if  of  high-grade  soft  carbon,  but 
frequently  the  positive  is  cored.  To  keep  the  arc  stationary  the 
carbons  must  either  be  fed  at  different  rates  of  speed,  or  may  be 
suitably  proportioned,  the  positive  being  cored  and  larger  in 
diameter  than  the  negative.  Any  variation  of  the  arc  from  the 
focal  position  may  be  corrected  by  hand,  using  the  colored-glass 
windows  provided  for  that  purpose.     The  feeding  mechanism  is 
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usually  motor-actuated  so  as  to  be  positive.  At  the  sides  the  light 
is  surrounded  by  a  cylindrical  casing,  supporting  at  the  rear  a 
reflector  far  enough  away  not  to  be  damaged  by  the  heat  of  the  arc. 
These  reflectors,  in  cheap  search-lights  for  mining  and  contractor's 
work,  are  sometimes  made  of  silvered  copper,  but  are  preferably  of 
glass.  The  latter  are  made  in  two  styles,  aplanatic  and  parabolic. 
The  aplanatic  or  Mangin  mirror  has  two  spherical  but  not  concen- 
tric surfaces,  as  shown  in  Fig.  308.     Owing  to  its  unequal  thick- 


Fig.  310.    Search  Lamp. 

ness  it  is  somewhat  more  liable  to  crack  than  the  parabolic.  The 
latter  is  a  truly  parabolic  piece  of  silvered  glass  about  i  inch  to 
i  inch  thick  throughout.  The  front  of  the  search-light  is  closed 
by  plate-glass  strips  (Fig.  309)  instead  of  one  piece,  to  avoid 
breakage  by  heat,  and  to  allow  easy  renewal  of  a  broken  section. 
In  case  the  light  is  intended  to  cover  a  greater  area,  that  is  to 
diverge,  a  diverging  front  of  lens  strips,  usually  for  a  20°  diver- 
gence, may  be  swung  into  place  instead  of  the  plane  strips,  although 
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the  same  effect  may  be  produced  by  moving  the  arc  out  of  its 
correct  position.  Average  values  for  the  current  in  search-light 
projectors  of  various  sizes  are  about :  — 

45  amperes  for  an  18-inch  light 

80        "  «    a  24     " 

125        "  "    "  30     ^ 

150         "  "    ♦♦  36     "        " 

200        "  "    "  48     "        ** 

The  commercial  ratings  of  candle-power  of  search-lights  are  mis- 
leading.    The  average  light  intensity  of  the  beam  is  multiplied  by 


Hj.  311.    Projection  Lantern. 

its  area  to  get  the  total  flux.  The  rated  candle-power  is  then 
obtained  by  dividing  this  figure  by  the  area  of  the  crater,  which 
gives  relatively  but  absurdly  high  values  to  the  candle-power. 
Thus,  supposing  that  an  arc  with  a  mean  hemispherical  candle- 
power  of  10,000  were  combined  with  a  Mangin  reflector  two 
feet    distant,    the   average    illumination    on  the   mirror  would   be 

^"2-  =  2500  candle-feet  ;  and  if  we  neglect  small  losses,  this  will 
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be  the  intensity  of  the  beam.     To  multiply  this  value  by  the  ratio 

^^^^ ,  gives  for  any  possible  values  of  the  numerator  and 

area  of  crater 

denominator  a  figure  much  greater  than  10,000,  the  true  candle- 
power  of  the  arc.  A  more  rational  method  would  be  the  product 
of  the  light  intensity  of  the  beam  in  candle-feet,  by  its  area. 

The  movements  of  the  beam  of  light  are  produced  indepen- 
dently of  the  arc  mechanism,  by  hand  or  by  distant  motor  control 
In  the  latter  instance  the  projector  may  be  provided  with  a  vertical 
wheel  and  chain  actuated  by  a  motor,  which  turns  the  barrel  around 
a  horizontal  axis,  as  well  as  with  a  motor-driven  revolving  base, 
to  swing  the  whole  lamp  in  either  direction.  These  motors  may 
be  operated  by  a  distant  controller,  and  the  lamp  suitably  fitted 
with  a  two-joint  receptable  for  the  lighting  cables  and  usually  a 
five-point  socket  for  the  motor  cables 
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CHAPTER   XVI. 

INTERIOR  WIRINO. 

The  laying  of  electrical  wires  does  not  appear  to  be  as  impor- 
tant from  the  engineering  point  of  view  as  the  construction  of 
overhead  and  underground  conductors ;  nevertheless,  an  additional 
and  most  important  consideration  is  involved,  this  being  the  fire 
hazard.  When  electric  lighting  was  first  introduced  this  difficulty- 
was  so  great,  being  naturally  magnified  by  prejudice  against  the 
new  method  of  illumination,  that  insurance  and  municipal  fire 
department  authorities  were  often  strongly  opposed  to  the  intro- 
duction of  electrical  conductors  into  buildings.  But  improvements 
in  methods  of  construction  have  gradually  reduced  the  risk,  until 
now  insurance  companies  and  fire  departments  consider  electric 
lighting  less  dangerous  than  any  other  form  of  artificial  illumina- 
tion. This  is  undoubtedly  a  fact ;  but  electrical  wires  are  still 
the  cause  of  many  fires,  the  consequences  of  which  are  often  very 
serious.  Hence,  it  behooves  those  who  are  responsible  for  the 
installation  of  electrical  apparatus  and  conductors  inside  of  build- 
ings, to  exercise  the  greatest  possible  care.  This  is  the  more  neces- 
sary, in  view  of  the  conditions  under  which  electric  light  wiring 
must  be  installed  to  meet  the  varied  requirements.  In  a  large 
class  of  installations  no  small  amount  of  judgment,  ability,  and 
ingenuity  is  often  required  to  overcome  the  difficulties  met  with, 
to  adapt  the  material  at  hand  to  the  purposes,  or  to  devise  new 
methods  to  secure  unusual  results.  Slaughter  houses,  dye  houses, 
chemical  works,  bleacheries,  and  breweries  offer  many  peculiar 
difficulties  to  proper  wiring. 

Before  the  actual  interior  wiring  can  be  of  use  it  must  be 
connected  with  the  service  wires,  and  this  necessitates  in  most 
cases  that  at  some  point  the  wires  enter  the  building.  In  order 
that  the  moisture  may  not  travel  along  the  wires  from  outside  to 
the  interior  installation,  there  is  at  the  service  entrance  a  drip  loop 
outside ;  and  the  hole  through  which  the  conductors  must  pass  is 
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bushed  with  a  drip  tube,  which  must  slant  up  towards  the  inside. 
(See  Fig.  312.)     The  wire  entering  these  tubes  should  have  solid 

rubber  insulation,  at  least  /^  of  an 
inch  thick,  and  covered  with  a  sub- 
stantial braid.  The  space  between 
the  wires  as  they  enter  the  building 
should  be  at  least  one  foot,  and  ar- 
ng.  8J2.  Drip  Tube  and  Loop,         ranged  SO  that   no  cross   connection 

can  be  made  by  water.  The  wires 
should  never  come  in  contact  with  anything  but  their  insulators. 
Running  them  along  the  face  of  the  building  should  be  avoided, 
and  they  must  be  fastened  to  the  wall  near  the  entrance  tubes  by 
insulators  mounted  on  special  brackets  having  two  coats  of  water- 
proof paint  to  prevent  the  absorption  of  moisture. 

Automatic  cut-outs  such  as  circuit  breakers  or  fuses  should  be 
placed  on  each  of  all  service  wires  as  near  as  possible  to  the  point 
where  they  enter  the  building,  on  inside  of  the  walls,  and  arranged 
to  cut  off  the  entire  current  from  the  building.  The  wires  then 
run  to  the  service  switch,  which  should  be  capable  of  opening  the 
circuit  when  carrying  the  entire  current  of  the  building.  This  is 
a  knife  switch,  and  should  be  installed  so  that  the  handle  will  be 
up  when  the  circuit  is  closed,  so  that  gravity  will  tend  to  open  the 
switch,  rather  than  accidentally  to  close  it. 

With  alternating  systems  the  best  place  for  the  transformer  is 
on  the  pole  away  from  the  building.  The  transformer,  when 
placed  on  the  outside  wall  of  the  building,  must  be  hung  on  well- 
insulated  supports,  the  construction  being  as  shown  in  Fig.  313. 
Where  it  is  impossible  to  exclude  it  from  the  building,  the  proper 
place  is  a  vault  or  room  with  brick  walls  containing  nothing  else 
but  transformers.  As  a  last  resort  it  may  be  put  in  a  part  of  the 
cellar  where  it  is  well  ventilated  and  dry,  being  carefully  insulated 
from  the  walls  and  the  ground. 

The  next  piece  of  apparatus  in  the  building  is  the  switch  board 
or  in  small  installations  the  distributing  panel  board.  This  will 
carry  the  meters,  the  knife  switches  and  the  fuses  for  the  feeders. 
If  electric  power  is  to  be  used  besides  the  lighting  the  separation 
of  the  two  kinds  of  circuits  should  be  made  at  this  point. 

The  principal  methods  which  have  been,  or  now  are,  used  to 
carry  the  wires  from  the  entrance  devices  to  the  lamps  are  as 
follows : 
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(1)  Wires  inclosed  in  molding. 

(2)  Wires  carried  by  wooden  cleats.      (Obsolete.) 

(3)  Wires  carried  by  porcelain  cleats  or  knobs  in  open  work. 

(4)  Wires  carried  by  porcelain  knobs  and  tubes  concealed. 

(5)  Wires  concealed  in  plaster.     (Obsolete.) 

(6)  Wires  concealed  in  tubes,  interior  conduits. 

(7)  Wires  laid  on  some  cornice,  wainscoting,  or  other  architectu- 
ral feature  adapted  to  the  purpose. 

(8)  Fished  wires.     (Not  desirable.) 


Yxom  standard  IViHngh^  CONSTRUCTION     WORK 

H.  C.  Gushing,  Jr.  INSTALLING    TRANSFORMERS 

F\g.  318. 
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Three  of  these  —  i.e.,  the  second,  fifth,  and  eighth  —  are  no 
longer  considered  good  practice,  in  fact  they  are  forbidden  by  the 
National  Electric  Code.  In  order,  however,  to  fully  appreciate 
the  difficulties  in  this  important  branch  of  electrical  engineering,  it 
will  be  well  to  consider  all  of  the  above  methods  in  the  order 
given. 

Wooden  Molding.  —  The  advantages  of  this  construction  are 
simplicity,  cheapness,  and  accessibility.  It  is  particularly  appli- 
cable to  buildings  in  which  no  provision  has  previously  been  made 
for  electrical  conductors,  the  wires  being  laid  after  the  building  is 
completed.  At  first  this  was  the  general  condition,  and  a  very 
large  proportion  of  the  wiring  laid  during  the  early  history  of  elec- 
tric lighting  was  installed  in  this  way.  At  present  the  use  of 
electric  light  is  decided  upon,  or  at  least  contemplated,  before  the 


Fig.  314.    Prlmarff  Cut-out.  Fig.  376.    Two-wire  Molding. 

building  is  erected,  and  the  plans  provide  specially  for  it.  In  such 
cases,  particularly  where  expense  is  not  a  prime  consideration,  the 
use  of  the  so-called  "  interior  conduit,"  laid  in  the  walls,  is  the 
standard  practice  for  low  tension  (below  450  volts  circuit).  For 
high-tension  wires,  the  only  approved  plan  is  to  carry  them  upon 
porcelain  knobs  or  cleats.  These  two  methods  will  be  considered 
later,  in  their  proper  order. 

Wooden  w^A//«^  usually  has  the  cross-section  represented  in 
Fig.  315,  consisting  of  a  strip  or  "  backing,'*  in  which  are  cut 
grooves  corresponding  to  the  number  of  wires  to  be  laid,  only  one 
conductor  being  placed  in  each  groove.  The  backing  is  fastened 
to  the  wall  by  thin  wire  nails  or  brads,  being  made  continuous  as 
far  as  possible.  Angles  and  branches  are  formed  by  fitting  pieces 
together,  as  indicated  in  Fig.  317.  The  wires  are  then  laid  in 
the  grooves,  being  also  preferably  continuous,  although  joints  are 
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allowed,  provided  they  are  securely  made  mechanically  by  splicing 
and  soldering,  and  provided  the  insulation  is  made  equal  to  that  of 
the  rest  of  the  wire  by  careful  wrapping  of  tape.  The  capping  is 
then  put  in  place,  and  fastened  by  small  tacks  or  brads.  Molding 
has  been  used  in  which  the  grooves  were  formed  in  the  capping 
without  any  backing.  This,  however,  is  bad  practice,  and  should 
not  be  adopted  even  where  the  wires  are  laid  against  a  wooden  wall 
or  ceiling. 

The  chief  disadvan- 
tages of  wooden  molding 
are  the  facts  that  it  is 
not  sufficiently  impervi- 
ous to  moisture,  is  liable 
to  be  crushed  or  punc- 
tured mechanically,  and  „    ^^^    ^^       ^    ^  ,^, 

^  F\g.  316.    Three-wif  Molding, 

is  combustible.      These 

difficulties  are  overcome  as  far  as  possible  by  coating  the  molding, 
both  inside  and  out,  with  water-proof  paint,  or  by  impregnating  it 
with  moisture  repellent.  It  is  also  recommended  that  only  hard- 
wood molding  be  used.  But  soft-wood  molding  is  often  laid  be- 
cause it  follows  the  wall  line  better.  In  the  standard  forms,  the 
backing  is  at  least  three- eighths  of  an  inch  thick  under  the 
grooves,  and  one-half  an  inch  between  them.     The  capping  should 

set  in  one-sixteenth  of  an  inch,  or 
more,  into  the  backing,  and  should  lap 
over  the  grooves  not  less  than  one- 
eighth  inch  on  each  side.  These  min- 
imum dimensions  are  represented  in 
Figs.  316  and  316,  but  much  larger 
sizes  of   molding  are  used  for  heavier 

Fig.  317.    Bight  Angle  Joint  In  wires 

molding. 

Rats  gnawing  through  a  molding 
may  destroy  the  insulation  of  the  wire,  and  bring  the  copper  in 
contact  with  the  wood. 

Wires  for  use  in  molding  must  have  rubber  insulation,  at 
least  ^^  of  an  inch  thick  ;  and  as  the  size  of  the  wire  increases 
from  No.  14  to  No.  0000  the  thickness  of  the  rubber  changes 
to  /^  inch. 

In  molding  where   one  of   the  wires  must  cross  over,   it  is 
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brought  out  through  the  capping  and  across  it,  so  that  a  certain 
thickness  of  wood  is  between  the  two  conductors. 

Wooden  Cleats.  —  These  may  be  looked  upon  as  a  discontinu- 
ous molding.  In  fact,  their  cross-section  is  practically  the  same. 
Their  use  is  rarely  to  be  tolerated  at  present,  cheapness  being  their 
only  recommendation.  Experience  has  shown  that  it  is  a  great 
mistake  to  attempt  extreme  economy  in  the  laying  of  electrical 
conductors.  The  serious  difficulties  which  arise  in  the  shape  of 
damage  by  fire  and  interruption  of  service  are  far  more  expensive 
in  the  long  run  than  a  considerable  increase  in  first  cost. 

Wooden  cleats  have  all  the  disadvantages  stated  for  wooden 
molding,  and  are  open  to  two  additional  objections.  One  of  these 
is  the  fact  that  the  wires  are  left  exposed  for  a  large  portion  of 
their  length,  and  are  therefore  liable  to  be  injured  or  to  form  a 
short  circuit  or  ground  connection  by  coming  in  contact  with  each 
other  or  with  some  pipe,  nail,  or  other  conducting  body.  Wooden 
cleats  are  also  likely  to  have  small  splinters  projecting  from  them 
which  cut  through  the  insulation  of  the  wires,  and  have  been  found 
to  be  a  source  of  much  trouble. 

Porcelain  Knobs  or  Cleats.  —  In  open  work  various  forms  of 
these  devices  are  used.     (Figs.  318  to  321.)     This  construction 


Figs.  318-321.    Porcelain  Knobs, 


seems  to  be  open  to  the  same  objection  as  the  use  of  wooden 
cleats,  the  wires  being  entirely  exposed  between  the  points  of 
support.  Nevertheless,  as  already  stated,  this  construction  is  prac- 
tically the  only  one  allowed  for  high-tension   circuits   (over  450 
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volts)  inside  of  buildings.  The  explanation  of  this  apparent  anom- 
aly is  found  in  the  fact  that  high-tension  circuits  are  very  carefully 
treated  when  brought  within  buildings.  For  example,  the  primary 
circuit  of  the  alternating  current  system  is  rarely  allowed  to  run 
more  than  a  few  feet  after  it  enters  a  building,  the  potential  being 
immediately  transformed  down  to  a  safe  value  of  about  100  or  200 
volts.  Even  in  such  cases  the  high-tension  wires  are  only  per- 
mitted in  the  cellar  or  other  portion  of  the  building  not  generally 
used ;  in  fact,  the  transformer  is  usually  placed  outside  of  the 
building  wherever  possible.  The  series  arc  lighting  circuits  which 
are  also  high  tension  (2000  to  5000  volts)  are  most  carefully  laid 
when  brought  into  buildings,  the  path  being  as  short  and  direct  as 
possible,  and  located  where  the  wires  are  not  likely  to  be  touched 
by  persons  or  to  come  in  contact  with  anything  but  the  insulators. 
They  must  be  rigidly  supported  on  glass  or  porcelain  insula- 
tors, which  raise  the  wire  at  least  one  inch  from  the  surface  wired 


Figa.  322-324.    Porce.'ain  Cleats. 

over,  and  must  be  kept  apart  at  least  four  inches  for  voltages  up 
to  750  and  at  least  eight  inches  for  voltages  over  750. 

Rigid  supporting  requires  under  ordinary  conditions,  where 
wiring  along  flat  surfaces,  supports  at  least  about  every  four  and 
one-half  feet.  If  the  wires  are  unusually  liable  to  be  disturbed, 
the  distance  between  supports  should  be  shortened. 

Such  circuits  are  never  introduced  into  buildings  to  anything 
like  the  same  extent  as  low-tension  wires,  which  run  in  great  num- 
bers to  all  parts  of  most  modern  structures.  The  porcelain  cleat 
is,  moreover,  free  from  the  splinters  which  constitute  a  serious 
objection  to  wooden  cleats. 

Glass  insulators  may  be  used  instead  of  porcelain,  but  the  latter 
is  usually  to  be  preferred  because  it  is  stronger,  tougher,  and  less 
hygroscopic.  The  statement  is  often  made  that  "  any  material 
which  is  non-conducting,  incombustible  and  non-absorptive  **  may 
be  used,  for  this  or  other  similar  purpose.     In  point  of  fact,  porce- 
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lain  and  glass  are  practically  the  only  available  substances  which 
fulfill  these  requirements  ;  but  if  any  other  equivalent  material  can 
be  found,  its  use  would  be  permitted. 

For  concealed  ^^  knob  and  tube''  work:  the  wires  are  run  on 

the  timbers  and  studding  by  means  of  porcelain  knobs,  and  the 

wires  tied  to  them  by  tie  wires  of  equal  insulation  to  the  main  wire. 

The  wires  are  carried  through  the  beams  by 

iRf%TllSlJ^  means  of  porcelain  tubes.     These  tubes  are 

£-Mii^^  set  in  the  beams  by  forcing  into  auger-holes, 

Ewo^^Jfij^^  ^nd  are  kept  in  place  by  the  friction  and  by 

SS^t'^lilA  ^^^  ^^^  formed  on  one  end  of  the  tube. 

l!(iill'li''''ll!t\Jfci^^^  (Fig.  325.)     All  the  porcelain  devices  must 

fig,  326.  Porcelain  Tube,  \ieep  the  wire  onc  inch  from  the  surface 
wired  over,  and  the  wires  must  be  kept  ten  inches  apart.  They 
are  preferably  run  on  separate  beams.  They  must  be  stretched  so 
as  to  have  no  sag, 'and  are  to  be  supported  every  four  feet,  or  even 
closer  when  necessary.  This  style  of  work  is  much  used  in  coun- 
try houses,  where  an  installation  for  a  ten-room  house  costs  only 
about  forty  dollars. 

The  outlets  are  protected  by  a  canvas  jacket  called  circular 
loom,  or  by  a  curved  porcelain  tube,  or  even  one  of  the  beam  tubes 
may  be  used  for  the  purpose. 

Mi//  construction :  in  buildings  of  this  character  mains  of  No. 
8  wire  or  over,  where  not  liable  to  be  disturbed,  may  be  separated 
4  inches,  and  run  from  timber  to  timber,  not  breaking  around,  and 
may  be  supported  at  each  timber  only,  otherwise,  the  construction 
in  Fig.  326  or  the  plan  of  running  through  the  timbers  in  Fig.  327, 
which  cut  also  shows  a  boring-tool  for  this  work.  Unless  some 
special  tool  is  used,  the  holes  will  not  be  in  line,  and  unsightliness 
as  well  as  waste  of  wire  is  the  consequence. 

Wires  in  Plaster.  —  Another  method  of  concealed  wiring  which 
at  one  time  was  considered  to  be  an  ideal  one,  consisted  in  embed- 
ding the  conductors  in  the  plastering  of  the  walls  and  ceilings  of 
a  building.  This  method  could  be  adopted  either  during  the 
original  construction  of  the  building,  or  in  case  of  repairs  or  re- 
plastering.  It  was  employed  in  many  fine  structures  where  the 
best  construction  was  desired,  regardless  of  the  expense ;  but  it 
was  soon  found  that  the  detrimental  effect  of  the  lime  in  the 
plaster  upon  the  insulating  material  rapidly  injured  or  destroyed  it. 
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Furthermore,  the  changing  or  repairing  of  a  wire  was  rendered 
very  difficult,  necessitating  the  tearing  away  of  the  plastering,  the 
trouble  being  aggravated  by  the  fact  that  the  exact  location  of 


Fig.  826.    Factory  Wiring, 

the  wire  was  hard  to  determine.  The  result  is  that  at  the  present 
time  the  National  Code  distinctly  states  "that  wires  must  not  be 
laid  [directly]  in  plaster,  cement,  or  similar  finish." 


Fig,  827.    wiring  through  Timbers. 

Interior  Conduits.  —  The  most  approved  method  of  low-tension 
electrical  wiring  consists  in  providing  tubes,  usually  laid  in  the 
floors,  walls,  or  ceilings  of  a  building  while  it  is  being  erected,  in 
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the  same  general  manner  that  gas-pipes  are  put  in.  The  wires 
are  drawn  into  these  conduits  when  the  building  is  nearly  com- 
pleted. It  is  interesting  to  follow  the  development  of  this  stan- 
dard form  of  construction.  At  first  interior  conduits  consisted  of 
tubes  of  insulating  material,  that  is,  vegetable  fiber  impregnated 
with  resinous  matter.  Experience  showed  that  this  insulating 
tube  was  likely  to  be  crushed  or  perforated  by  nails,  either  during 
the  construction  of  a  building  or  afterwards.  Hence  the  next  step 
was  to  protect  the  insulating  tube  with  a  thin  sheathing  of  brass, 
giving  the  so-called  "brass-armored  conduit.'*  Even  this  was  not 
found  to  be  an  adequate  protection  against  mechanical  injury ; 
so  that  an  iron  or  steel  pipe,  about  equal  in  strength  to  an  ordi- 
nary gas-pipe  of  the  same  diameter,  was  substituted  for  the  thin 
brass  sheathing,  producing  the  well  known  "iron-armored  con- 
duit.'* The  final  stage  of  the  development  was  reached  when 
the  National  Electrical  Code  of  1897  allowed  the  use  of  plain  iron 
or  steel  pipes  as  conduits,  "  provided  their  interior  surfaces  are 
smooth  and  free  from  burrs ;  pipe  to  be  galvanized,  or  the  interior 
surfaces  coated  or  enameled,  to  prevent  oxidation,  with  some 
substance  which  will  not  soften,  so  as  to  become  sticky,  and  pre- 
vent wire  from  being  withdrawn  from  the  pipe."  This  evolution 
clearly  shows  that  the  object  of  such  a  conduit  is  to  facilitate  the 
insertion  or  extraction  of  the  conductors,  to  protect  them  from 
mechanical  injury,  and  as  far  as  possible  from  moisture.  These 
tubes  or  conduits  are  to  be  considered  merely  as  raceways,  and 
are  not  to  be  relied  upon  for  insulation  between  wire  and  wire 
or  between  the  wire  and  the  ground.  On  the  other  hand,  the 
presence  of  a  lining  of  insulating  material  is  undoubtedly  an 
advantage  in  most  cases,  and  it  would  probably  be  worth  the  extra 
expense  that  it  involves.  The  permission  of  the  National  Code 
to  use  plain  iron  or  steel  tubes  in  no  way  implies  that  they  are 
better  than  insulated  conduits.  It  simply  means  that  the  general 
use  of  some  form  of  conduit  is  to  be  encouraged,  and  to  this  end 
restrictions  are  removed  as  far  as  possible. 

The  various  styles  of  house  conduit,  such  as  brass-armored, 
paper-lined  tube,  etc.,  have  been  gradually  discarded ;  and  the 
standard  conduit  of  the  present  time  is  either  iron  pipe  with  an 
inner  insulating  lining,  or  iron  pipe  with  an  enamel  finish  inside 
and  out.     The  objection  to  rubber  compound  insulating  lining  is 
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the  fact  that  if  the  pipe  is  subjected  to  any  heat,  owing  to  its 
being  in  a  hot  boiler-room  or  other  location  where  there  is  an 
unusually  high  temperature,  the  insulation  somewhat  deteriorates, 
and  renders  it  very  difficult  to  pull  out  old  wires  and  replace 
them  with  new  ones.  The  enamel  conduit  is  rapidly  growing  in 
favor,  owing  to  the  fact-that  it  forms  a  good  raceway  for  the 
wires,  and  it  is  not  subject  to  the  above-mentioned  disadvantage 
of  the  insulated  conduit. 

Electro-duct^  Armor-duct  and  Loricated  Pipe  conduits  are  iron 
pipes  with  the  inner  and  outer  surfaces  covered  with  enamel, 
whose  service  is  to  render  the  conduit  rust-proof,  as  rust  is  highly 
injurious  to  rubber,  which  is  the  insulation  used  on  wiring  in 
interior  conduits. 

There  are  many  conduits  having  an  insulated  lining,  such  as 
Armorite  and  Iron-armored  conduit  (Fig.  328),  These  insulations 
are  of  paper,   wood-  •  m  „i  ii  ■  llllluluil 

fiber  impregnated  with  /^^VS  M^^^  ^---^  -^^-^^^""^^^^^SM^^ 
a  moisture  repellent,  yy  j)  ffcir^X  :^I~^.=:.  i:z^zii^  r^^j^mu^ 
or  are  of  some  bitu- 

,  Fij.  L^*i.    inaula.ed  Iroi.-ar.i.ored  Con-uit. 

mmous    compound. 

There  is  also  a  form  of  conduit  which  is  lined  with  vitrified  clay  pipe. 
<*  Fished  Wiring."  —  In  order  to  avoid  the  unsightliness  of  ex- 
posed wiring,  various  methods  of  concealed  wiring  have  been  in 
vogue.  The  obvious  plan  of  running  conductors  through  the 
spaces  in  walls,  floors,  etc.,  of  buildings,  has  been  followed  from 
the  first.  In  one  method  of  doing  this,  the  wire  is  pushed  or 
drawn  by  hooks  from  point  to  point,  trusting  largely  to  chance. 
Hence  the  process  of  introducing  it  is  called  "fishing."  This  hap- 
hazard method  of  laying  wires  is  not  to  be  recommended,  since 
it  is  evident  that  the  wires  may  come  in  contact  with  nails,  steam 
and  gas  pipes,  sharp  edges  of  beams,  etc.,  which  might  cause 
serious  difficulties.  In  some  cases,  however,  it  may  be  the  only 
practicable  way  to  carry  a  conductor  from  one  point  to  another. 
In  this  case  the  attitude  of  insurance  authorities  on  the  matter 
may  best  be  shown  by  quoting  from  the  National  Electrical  Code, 
Rule  24,  C  and  S.  "  Wires  must  not  be  fished  for  any  great  dis^ 
tance,  and  only  in  places  where  the  inspector  can  satisfy  himself 
that  the  rules  have  been  complied  with.  When  from  the  natute 
of  the  case  it  is  impossible  to  place  concealed  wiring  [in  conduits 
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or  in  the  regular  way]  on  non-combustible  insulating  supports  of 
glass  or  porcelain,  the  wires,  if  not  exposed  to  moisture,  may  be 
fished  on  the  loop  system  if  incased  throughout  in  approved  con- 
tinuous flexible  tubing  or  conduit."  The  method  of  "fishing" 
wires  should  never  be  attempted  for  high-tension  conductors. 


Fig,  330.    Junction  or  Outlet  Box  for  Flexlblo  Conduit. 

This  flexible  conduit  may  be  a  flexible  steel  tubing  composed 
of  convex  and  concave  steel  ribbons  wound  in  a  spiral  around  a 
mandrel  so  as  to  interlock.  Its  use  is  permitted  by  the  under- 
writers for  either  finished  or  new  houses.  This  tubing  is  not 
water-proof ;  and  some  difficulty  is  experienced  in  getting  the  wire 
through  it,  owing  to  the  fact  that  it  is  heavy,  and  sags  somewhat 

between  the  points  of  support. 
The  tubing  is  made  in  lengths 
of  lOO  feet,  and  is  intended 
to  be  installed  without  joints 
between  outlets.     An  outlet 


box  and  portions  of  the  tube 
are  shown  in  Fig.  330,  and  an 
iron  clamp  for  turning  a  right 
angle  in  Fig.  331. 

Circular  loom,  or  canvas 

Fig.  331.    Flexible  Metallic  Conduit  j^^^^^,    is     a     tubukr     WOVen 

fabric  treated  with  compound,  and  rolled  in  mica  dust  while  yet 
soft.  This  is  sometimes  used,  one  tube  for  each  wire,  in  finished 
houses  where  the  wires  are  fished. 

Wires  unprotected  and  fished  between  walls  are  not  allowed 
under  any  circumstances. 

Flexible  Iro?t-annored  condiictors  have  come  into  the  market. 
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and  are  successfully  used  for  repair-work,  and  in  places  where 
the  conductors  are  exposed,  as  in  "  drop  cords  "  for  example. 

Installation  of  Interior  Conduit All  conduits  should  be  con. 

I  inuous  from  one  junction  box  to  another,  or  to  the  fixtures,  and 
the  conduit  tube  should  fit  properly  into  all  the  fittings,  else  the 
conductors  are  not  properly  protected,  and  water  is  much  more 
likely  to  enter  the  conduit.  The  entire  conduit  system  of  a  build- 
ing should  be  completely  installed,  and  the  mechanical  work  on  the 
building  finished  before  the  wires  are  drawn  in.  In  the  houses 
which  are  not  fire-proof,  tubing  is  generally  supported  from  the  un- 
derside of  the  floor  beams,  while  in  buildings  of  fire-proof  construc- 
tion they  run  on  top  of  floor  beams  and  under  the  finished  floor. 

The  tubing  of  houses. is  generally  put  up  as  soon  as  the  parti- 
tions have  been  erected  ;  and  when  the  tubing  and  outlet  boxes 
have  been  placed,  the  lathing  or  plastering  is  proceeded  with.  On 
the  completion  of  the  plastering,  the  wire  is  pulled  in,  and  switches, 
receptacles,  etc.,  put  in  position. 

After  all  the  conductors  have  been  drawn  in  place,  the  outlets 
should  be  plugged  up  with  a  wood  or  fiber  plug,  made  in  parts  to 
fit  around  the  wire,  and  the  outlet  painted  with  some  compound. 
The  aim  should  be  to  make  the  whole  system  air-tight  and  mois- 
ture-proof. 

The  final  test  is  then  made  to  see  that  there  are  no 
grounds  on  the  different  parts  of  the  wiring,  and  that  the  insula- 
tion resistance  is  sufficiently  high  to  conform  with  the  underwriters* 
requirements. 

The  metal  of  all  conduits  should  be  effectually  and  perma- 
nently grounded.  It  is  impossible  to  prevent  the  conduit  from 
being  partially  grounded,  and  hence  it  should  be  purposely  and 
completely  connected  with  the  earth. 

Conduit  Wiring.  —  Standard  rubber-covered  wire  should  be 
used,  because  there  is  always  the  possibility  of  dampness  getting 
into  the  conduit ;  and  the  insulating  lining  of  the  conduit,  if  there 
is  one,  may  be  defective  in  places.  The  insulating  lining  of  all 
conduits  may  be  said  to  be  defective,  in  that  it  is  not  continuous, 
but  must  be  cut  at  each  of  the  couplings. 

Conduit  work  is  made  a  complete  system  by  the  use  of  outlets, 
junction  boxes,  and  panel  boxes  with  doors  and  locks,  thus  thor- 
oughly protecting  the  circuits  at  all  places. 
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There  are  two  types  of  outlet  box.  One  where  the  box  is  made 
for  a  given  position  and  number  of  outlets  (Fig.  332),  and  the 
other  where  the  number  of  outlets  to  the  box  is  variable.     In  this 


Fig.  332.    Outlet  Box. 

latter  type  the  sides  are  made  in  such  a  manner  that  a  blow  of  a 
hammer  will  knock  out  a  disk  of  metal  and  make  an  outlet. 
These  are  called  Universal  boxes. 

Control.  —  In  connection  with  the  systems  of  wiring  that  have 
been  explained,  there  is  the  system  of  control,  that  is  the  same 
for  aU. 

From  the  switch  board,  which  may,  according  to  the  size  and 
character  of  the  installation,  vary  from  a  combination  of  marble 
panels  to  an  asbestos-lined,  hardwood  box,  the  feeders  run  to  the 
channels  provided,  and  are  carried  to  the  various  parts  of  the  build- 
ing.    As  a  rule  one  pair  of  feeders  for  each  floor  is  sufficient. 

Feeders  are  the  conductors  that  carry  the  main  currents  to  feed 
the  branch  circuits  and  mains.  They  also  preserve  the  regulation 
by  bringing  various  points  of  the  installation  to  a  certain  predeter- 
mined potential.  The  feeders  must  be  designed  to  carry  any  load 
that  may  be  legitimately  put  upon  them.  A  usual  method  of  cal- 
culating their  size  is  to  assume  the  load  to  be  80^  of  the  total 
load  that  can  be  brought  on  them,  and  then,  with  that  current, 
design  for  about  %  loss  of  voltage.  This  figure  can  in  small 
plants,  due  to  the  short  length  of  the  runs,  be  reduced  to  \.b%. 

Each  feeder  will  run  directly  to  a  panel  board.     These  boards 
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vary  from  marbleized  slate  to  asbestos-covered  wood.  The  better 
kinds  are  inclosed  in  a  panel  box  lined  with  slate,  and  furnished  with 
a  door  and  a  lock.  Double-pole  "  baby  '*  knife  switches  and  fuses 
are  placed  on  the  panel  board.  The  space  between  the  lining  of  the 
box  and  the  panel  board  proper  is  known  as  the  "gutter."  The  con- 
duits of  the  various  tap-circuits  enter  this  gutter,  and  the  wires 
are  protected  from  the  ends  of  the  conduit  by  bushings.  All  wires 
in  the  gutter  are  inclosed  in  flexible  tubes,  and  connections  are  made 
on  the  panel-boards  by  means  of  the  switches  between  the  feeders 
and  the  various  pairs  of  mains  supplied  by  them. 

Mains  and  Taps.  —  From  the  panel  board  the  mains  run  to  cut- 
out boxes ;  and  there  the  mains  branch  out  into  the  taps,  going  to 
the  outlets  and  supplying  the  lights.  These  circuits  are  designed 
for  a  \.b%  loss,  and  in  small  installations  may  be  brought  down 
to  \%.  This  gives  in  large  plants  with  long  runs  a  total  voltage 
loss  of  about  3.5^  and  for  smaller  plants  about  2.5^. 

The  lights  will  be  supported  on  a  fixture  or  a  drop  cord,  and 
will  usually  be  controlled  by  a  key  socket. 

From  this  it  will  be  seen  that  there  may  be  from  the  service  to 
the  lamp  the  following  succession  of  conductors  and  safety  devices : 

Service  connection,  service  wire,  double-pole  cut-out,  double-pole 
knife  switch,  trunk-line  to  switch  board,  double-pole  knife  switch, 
fuses  to  protect  the  feeder,  feeder  to  distributing  panel  box,  double- 
pole  baby  knife  switch,  fuse  to  protect  the  main,  main  to  the 
cut-out  box,  plug  or  inclosed  fuse  to  protect  the  branch,  taps  to 
the  outlets  through  single-pole  snap  switch  to  control  light  or 
group  of  lights,  wire  to  the  fixture  or  rosette,  fixture  wire  to  socket, 
key  switch  in  the  socket,  and  finally  the  lamp,  as  indicated  in 
Fig.  333. 

The  number  of  tap-circuits  will  be  determined  by  the  under- 
writers' rule  that  no  group  of  lights  requiring  more  than  660  watts 
shall  depend  on  one  cut-out.  Fuses  and  cut-outs  must  not  be  con- 
cealed in  the  canopies  or  shells  of  fixtures. 

Another  rule  of  the  underwriters  requires  a  fuse  to  be  placed 
at  every  point  where  a  change  is  made  in  the  size  of  the  wire, 
unless  the  cut-out  in  the  larger  wire  will  protect  the  smaller.  It 
is  well,  therefore,  to  lay  out  the  wiring  so  that  wh^le  obeying 
this  rule  there  will  not  be  too  manv  fuses  in  series  located  at 
-different  points,  which  always  cause  delay  in  case  of  trouble. 
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SERVICE  LINE 


The  number  of  fuses  in 
series  must  be  kept  down  to 
the  minimum,  and  they  should 
be  centralized  as  far  as  pos- 
sible to  aid  the  rapid  location 
and  replacement  of  the  fuse, 
in  case  it  blows. 

Inthe  calculation  of  wiring 
the  following  simple  formulae 
will  be  all  that  is  necessary 
for  the  direct  current  system 
and  for  the  secondary  wiring 
of  alternating  systems. 


cm  = 


10.8  X  2^x  ^• 


2dy.c 


Fig.  333.    Scheme  rf  Interior  Wiring. 


cm.  =  circular  mils. 

d  =  the  distance,  i.e.  the 
length  of  wire  in  feet  on  one 
side  of  the  circuit  between  the 
points  in  question. 

c  =  load  carried  by  the  wire 
in  amperes. 

V  =  volts  to  be  lost  in  the  • 
line. 

r  =  resistance  per  foot  of 
the  wire  to  be  used. 

10.8  =  resistance  of  one  mil- 
foot  of  commercial  copper  at 
76°  F. 

When  the  circular  mils  or 
the  resistance  per  foot  of  the 
wire  has  been  determined,  find 
the  size  of  the  wire  to  be  used 
by  reference  to  the  table  on 
page  8,  taking  the  nearest  size 
larger  than  the  wire  as  calcu- 
lated.   Then  refer  to  the  table 
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on  page  15  to  see  if  the  current  that  is  to  be  carried  is  below  the 
allowable  value. 

Safety  Devices  in  interior  wiring  are  of  special  importance^ 
since  the  inconvenience  of  repairing  circuits  is  great,  and  the  con- 
sequences of  overheating  wires  by  excessive  current  are  likely  to 
be  very  serious.  On  series  circuits  some  form  of  cut-out  (p.  25 
.  and  p.  340)  is  applied  to  each  lamp  to  short<ircuit  it  if  by  .accident 
it  tends  to  interrupt  the  circuit.  In  this  case  the  continuity  of  the 
circuit  must  be  preserved  since  the  voltage  is  usually  very  high,, 
and  a  long,  dangerous  arc  would  be  formed  if  attempt  is  made  to 
open  it  at  any  point.  Furthermore,  there  is  little  risk  of  the  cur- 
rent (in  amperes)  varying  much  from  its  normal  value,  since  a 
special  regulator  is  provided  (p.  171,  p.  186  and  p.  189)  to  main- 
tain a  nearly  constant  current. 

On  the  other  hand,  parallel  distribution,  usually  operating  at 
practically  constant  potential,  requires  the  main  conductors  as  well 
as  each  branch  to  be  protected  by  a  device  that  will  open  the  par- 
ticular circuit  whenever  the  current  in  it  tends  to  become  exces- 
sive. In  this  case  the  number  of  amperes  is  inversely  proportional 
to  the  resistance  of  each  branch  circuit. 

If  this  resistance  is  reduced  abnormally  by  a  leak  or  short  cir- 
cuit between  the  +  and  —  conductors,  the  current  may  rise  to 
many  times  its  safe  value,  and  the  wires  may  be  greatly  over- 
heated, even  to  the  fusing  point,  since  the  heating  effect  increases 
as  the  square  of  the  current.  For  protection  against  this  danger, 
fuses  and  circuit-breakers  are  employed  in  large  numbers,  there 
being  hundreds  of  the  former  in  any  parallel  system  of  distribu- 
tion of  even  moderate  size.  These  two  devices  are  discussed  in 
Vol.  I.  Chap.  XXII.,  but  it  will  be  well  to  supplement  that  general 
discussion  by  considering  the  particular  forms  used  in  connection 
>Yith  interior  wiring. 

In  principle,  safety  fuses  are  weak  links  purposely  introduced 
into  the  circuit,  and  intended  to  melt  and  open  it  if  the  current 
tends  to  exceed  a  certain  safe  limit.  Lack  of  confidence  in  fuses 
is  often  expressed  by  those  who  have  had  much  experience  with 
them  ;  but  on  account  of  their  simplicity  and  cheapness  they  are 
used  almost  universally  except  on  switchboards  or  in  connection 
with  motors,  or  in  other  special  cases  where  the  importance  of  the 
circuit   or  the  likelihood  of  its  being  overloaded  are  sufficient  to 
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warrant  the  use  of  circuit-breakers.  For  the  numerous  branch 
circuits  in  electric-lighting,  carrying  only  a  few  amperes  each,  it  is 
practically  necessary  to  adopt  fuses.  Furthermore,  it  is  a  fact  that 
the  use  of  fuses  of  standard  lengths  and  cross-sections  under  defi- 
nite conditions  will  give  uniform  and  reliable  results.  Formerly 
the  length  of  the  fuse  wire  .was  not  defined,  and  it  was  sometimes 
open  and  sometimes  inclosed  so  that  it  might  carry  much  more 
current  in  one  case  than  in  another. 

The  principal  forms  are  link^  plug  and  inclosed  fuses,  A 
standard  type  of  link  fuse  block  made  of  porcelain  is  illustrated  in 
Fig.  334,  and  the  fuse  itself  in  Fig.  335.     These  are  suitable  for 


Fig,  ad4. 

circuits  having  a  potential  not  exceeding  125  volts  across  one  fuse 
link  and  a  maximum  capacity  of  75  amperes.  Larger  and  heavier 
blocks  are  made  for  greater  capacities,  and  are  provided  with  mica 
sheets  as  covers.  This  form  requires  the  use  of  a  screw-driver  in 
replacing  a  fuse,  and  this  in  unskilled  hands,  or  even  ia  skilled 
ones,  may  by  accident  cause  a  short  circuit. 

In  Fig.  336  is  shown  the  Edison  porcelain  /flug-  cut-out.  These 
have  a  maximum  current  capacity  of  30  amperes  and  a  maximum  po- 
tential of  125  volts  across  one  fuse.  The  fuse 
is  contained  in  a  screw  plug,  shown  in  Fig.  337. 
When  a  fuse  has  blown,  the  plug  is  unscrewed 
and  a  new  one  put  in  its  place.  This  is  a  very 
simple  and  safe  operation,  even  if  the  short  cir- 
cuit still  exists  when  the  new  plug  is  screwed  in. 


Fig,  886, 


Fig,  887,    Ediaon  Ptug  Cnt-Oat. 
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The  inclosed  fuse  represented  in  Fig.  338  possesses  the  same 
advantage  in  convenience  and  safety  of  renewal.     It  is  also  claimed 
to  be  more  definite  in  its  action, 
since  the  conditions  are  more  nearly 
uniform  than  in  the  case  of  open 
or  partly  open  fuses.     Still  another 
advantage  is  the  fact  that  a  fuse 
closely    surrounded  .with  solid,  fi- 
brous, or  powdered  material,  has  a 
greater  capacity  *f or  heat  than  if  it 
were  isolated.      Consequently  it  re- 
quires a  little  longer  time  to  reach  fig,  333. 
the  fusing  point,  and  an  excess  of 

current  must  be  very  great  in  amount,  or  must  flow  for  an  appreci- 
able time,  in  order  to  "blow  "  the  fuse.  A  current  that  only  mo- 
mentarily exceeds  the  normal  will  not  injure  the  wires  or  apparatus, 

and  it  is  simply  a  nuisance  to  have  it 
open  the  circuit.      The   form   of   fuse 
illustrated  in  Fig.  339  is  very  conven- 
f  iently  replaced,  and  is  also  capable  of 
being  used  as  a  sort  of  switch  to  open 
and  close  the  various  circuits.     It  is  pro- 
vided with  a  copper  blade  at  either  end, 
which  fits  into  clips  just  as  in  an  ordi- 
nary knife  switch.     A  similar  arrangement  is  shown  in  Fig.  340, 
the  fuses  being  carried  in  por- 
celain   boxes     with    projecting 
blades  that  are  pressed  into  the 
clips  in  the  cut-out  cabinet. 

Circuit-Breakers.  —  These 
devices  are  shown  and  described 
in  Vol.  I.  Chapter  XXII.,  and 
belong  more  to  the  generating 
plant  and  switchboard  than  to 
interior  wiring.  Essentially 
they  are  switches  that  are  con- 
trolled   by   an    electromac^netic 

,       .  -^  ^  Fig.  340. 

device  so  as  to  open  automatic- 
ally when  the  current  exceeds  a  certain   limit.      They  are  much 
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more  accurate  in  this  respect  than  a  fuse,  and  can  be  adjusted  to 
act  at  any  given  current  within  a  considerable  range.  Their  accu- 
racy and  adjustabiUty  are  important,  but  their  great  advantage  over 

the  fuse  is  the  facility  of  resetting 
them  compared  with  the  trouble  and 
delay  of  renewing  a  fuse.  The  fact 
that  a  circuit-breaker  flies  open  the 
instant  that  the  current  rises  above 
the  value  for  which  it  is  set,  may  be 
a  doubtful  advantage.  This  might 
happen  very  often  when  the  excess 
of  current  does  not  last  long  enough 
to  cause  any  harm,  as  explained  in 
connection  with  fuses  on  the  preced- 
ing page.  The  main  circuit-breaker 
may  open  at  the  same  time  as  one  in 
a  branch  circuit,  thus  shutting  off 
other  parts  of  the  system  needlessly. 

Fig.  341.    Automatic  Circuit-Breaker.        _  .  ,  ,,     ,       . 

In  some  forms  the  so-called  tmie 
factor  is  purposely  introduced,  a  device  being  added  to  prevent 
action  unless  the  overload  is  of  a  certain  duration.  An  example 
of  circuit-breaker  illustrated  in  Fig.  341,  differs  from  most  types 
in  the  fact  that  the  arms  for  the  two  sides  of  the  circuit  are  in- 
dependent, so  that  one  may  open  automatically  if  it  is  attempted 
to  close  the  other  while  a  short  circuit  still  remains. 

Switches.  —  The  general  facts  concerning  these  important  de- 
vices are  set  forth  in  Vol.  I.  Chapter  XXII.,  but  there  are  certain 
additional  points  to  be  noted  in  connection  with  interior  wiring. 
The  rules  for  switches  as  laid  down  by  the  National  Electrical 
Code  will  be  found  on  pages  9,  10  and  23  of  the  Appendix  to  the 
present  volume.  Ordinarily  the  type  used  on  switchboards  is  the 
simple  lever  knife-switch.  They  are  sometimes  made  in  the  quick- 
break  form  in  order  to  reduce  the  duration  and  therefore  the  burn- 
ing effect  of  the  arc  produced  on  opening  the  circuit.  It  is  a  fact, 
however,  that  switches  are  used  to  close  the  main  circuits  or  those 
carrying  heavy  currents,  but  should  not  be  used  to  open  them 
except  in  emergency.  In  starting  up  an  electrical  plant,  or  in 
closing  the  service  switch  of  an  installation,  the  switches  controlling 
the  various  circuits  may  be  closed  before  or  after   the   current  is 
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Fig.    342.— 
Snap-Switch. 


turned  on,  and  a  switch  may  be  left  open  if  no  energy  is  required 
in  the  corresponding  circuit.  In  case  of  overload,  a  circuit-breaker 
or  fuse  should  be  provided  in  each  main  or  branch  circuit  to  open 
it  when  the  current  exceeds  a  safe  value,  but  the  switch  itself 
when  carrying  heavy  current  is  to  be  opened  only  as  a 
last  resort.  Under  ordinary  circumstances  the  lamps 
are  disconnected  in  comparatively  small  groups  by 
means  of  snap  switches,  one  of  which  is  shown  in  Fig. 
342.  In  fact,  the  current  allowed  in  each  branch  cir- 
cuit is  limited  by  the  insurance  rules,  being  a  maxi- 
mum of  660  watts  (equivalent  to  12  laihps  of  16  c.p. 
each  at  110  volts).  Even  in  a  theater  or  other  place  where  many 
lamps  are  turned  on  or  off  at  about  the  same  time,  it  is  customary 
to  control  them  in  groups,  each  having  a  separate  switch.  If  the 
current  does  not  exceed  3  amperes  at  110  volts  a  single-pole 
switch  is  allowed,  but  for  currents  greater 
than  this  it  must  be  double-pole. 

Break-down  Switch.  A  building  having 
its  own  generating  plant  may  be  provided 
with  a  connection  to  the  street  circuit  of 
some  electric  lighting  company.  In  case 
of  accident  to,  or  repair  of,  the  isolated 
plant,  current  may  be  obtained  from  the 
central  station.  The  switch  which  enables 
this  to  be  done  is  called  a  "break-down  " 
switch,  since  it  is  used  in  case  the  local 
machinery  is  broken  down.  It  is  usually 
of  the  double-throw  type  (Fig.  343) ;  and 
since  street  circuits  are  often  three-wire 
systems,  and  isolated  generating  plants  are  operated  in  most  cases 
on  the  two-wire  plan,  the  switch  is  generally  arranged  to  convert 
from  the  former  to  the  latter,  as  described  on  page  82. 

Multi-Control  Switches.  It  often  happens  that  it  is  desired  to 
light  or  extinguish  a  given  lamp  or  group  of  lamps  from  two  or 
more  different  points.  A  common  case  is  that  of  a  lamp  which 
may  be  turned  on  at  the  foot  of  a  staircase  and  turned  off  at  the 
top,  or  vice  versa.  This  may  be  accomplished  in  various  ways :  one 
plan  indicated  in  Fig.  344  requires  a  three-way  key  socket  at  the 
Jamp,  a  three-way  switch  at  the  other  point  of  operation,  and  an 


Fig.  843.    Break-down  Suuiih. 
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extra  wire  between  them  in  addition  to  the  two  mains  that  supply 
the  current.  With  this  arrangement  the  lamp  may  be  lighted 
or  extinguished  by  either  switch. 


TKree-Way  SwiCch 

f'tg.  344. 

Panel  Boards  and  Cut-out  Cabinets  are  miniature  switch-boards 
or  sub-centers  of  distribution  which  afford  means  of  splitting  up  the 
mains  into  branches  and  of  grouping  the  cut-outs.  The  various 
forms  used  differ  mainly  in  the  styles  of  switches  or  cut-outs  and 


Fig,  846,    Pan9l  Board, 

in  their  arrangement,  as  illustrated  in  Figs.  340,  345  and  346.  The 
two  or  the  three  main  conductors  are  represented  by  parallel  wires 
or  bars  of  metal,  from  which  the  branch  circuits  are  led  out 
through  switches  and  cut-outs. 

Fixtures  and  Sockets —  The  endless  variety  of  fixtures  used  for 
supporting  arc  and  incandescent  lamps  may  be  classed  as  furniture 
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or  ornament,  as  they  are  not  of  a  character  to  be  included  in  a 
technical  treatise ;  the  only  technical  features  they  contain  being 
the  fixture  wiring  and  the  insulated  joint  interposed  between  the 
fixture  and  the  gas-pipe  to  which  it  may  be  attached.  The  sockets 
are  described  in  the  next  chapter,  on  Incandescent  Lamps.  In  a 
general  treatise  it  is  impossible  to  go  into  the  details  of  interior 
wiring,  as  they  depend  largely  upon  the  conditions  in  each  particu- 


Flg,  846.    Cut-Out  Cabinet. 

lar  case.  The  principles  involved  and  the  chief  elements  of  con- 
struction have  been  set  forth,  and  for  further  information  refer 
ence  may  be  made  to  the  National  Electrical  Code  printed  in  full 
in  the  Appendix  and  to  the  following  publications :  -^ 

Gushing,  H.  C,  Jr.,  Standard  Wiring  for  Incandescent  Light 
and  Power,  pp.  116,  N.  Y.,  1900. 

Emmet,  W.  L.  R.,  Alternating  Current  Wiring  and  Distribu- 
tion, pp.  76,  N.  Y.,  1898. 

Leaf,  H.  M.,  Interior  Wiring  of  Buildings,  pp.  195.  London, 
1899  (gives  English  Practice). 
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Noll,  A.,  How  to  Wire  Buildings,  pp.  162,  N.  Y.,  1899. 

Pierce  and  Richardson,  National  Electric  Code  (Explanation  of), 
pp.  222,  N.  Y. 

Robb,  R.,  Electric   Wiring,  pp.  183,  N.  Y.,  1896. 

A  series  of  articles  on  Interior  Wiring,  by  Charles  E.  Knox,  in 
the  American  Electrician,  N.  Y.,  1898  to  1900. 
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CHAPTER     XVII. 

INCANDESCENT  LAMPS. 

An  incandescent  electric  lamp  is  one  in  which  light  is  pro- 
duced by  the  passage  through  a  solid  conductor  of  a  current 
sufficiently  strong  to  raise  it  to  a  temperature  of  incandescence. 
In  this  case  the  conductor  is  solid  and  continuous,  while  in  an 
arc  lamp,  the  other  important  type  described  in  Chapters  XIV.  and 
XV.,  light  is  produced  at  a  gap  in  the  circuit  across  which  the 
current  is  carried  by  the  heated  vapor  present.  The  ordinary  type 
of  incandescent  lamp,  enormous  numbers  of  which  are  now  used, 
consists  essentially  of  a  high  resistance  carbon  filament  hermet- 
ically sealed  in  a  nearly  perfect  vacuum.  In  fact,  these  words  are 
substantially  the  same  as  the  patent  claims  of  Edison,*  who  de- 
veloped the  incandescent  lamp  as  well  as  the  necessary  generator 
method  of  distributing  current  and  the  various  auxiliary  devices 
to  a  condition  of  commercial  success. 

Many  forms  of  incandescent  lamp  have  been  devised  employ- 
ing filaments  composed  of  materials  other  than  carbon,  and  not 
requiring  a  vacuum ;  but  these  are  special  types  that  will  be 
described  later.  The  present  chapter  is  confined  to  the  ordinary 
incandescent  lamp,  as  already  defined,  which  has  been  used  to 
the  practical  exclusion  of  any  other  form  since  the  introduction  of 
incandescent  lighting  in  1880. 

Materials  Used  for  Filaments In   the   earlier  lamps  made 

by  Edison,  the  filaments  consisted  of  platinum  wire,  but  that  metal 
soon  lost  its  strength,  even  at  normal  working  temperature  ;  and  if 
accidentally  raised  above  this  point  it  was  likely  to  be  melted. 
The  high  cost  of  platinum  is  also  a  serious  objection  to  its  use 
for  this  purpose.  Consequently  Edison  soon  substituted  carbon 
for  platinum  in  his  lamps.    After  trying  many  materials,  carbonized 

*  U.  S.,  Patents,  1879. 
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bamboo  was  adopted,  and  generally  used  in  the  Edison  lamps 
made  for  about  fifteen  years.  Other  manufacturers  employed 
thread,  thin  strips  of  cardboard,  or  some  special  compound  in 
place  of  bamboo.  In  practically  all  cases  some  organic  substance 
carbonized  by  heat  has  been  used. 

For  several  years  the  tendency  has  been  to  adopt  almost 
universally  the  so-called  **  squirted  filaments."  They  are  usually 
made  by  dissolving  cotton  in  a  solution  of  zinc  chloride  producing 
a  viscous,  semi-transparent  liquid  in  which  the  appearance  and 
fibrous  character  of  the  cotton  are  entirely  lost.  This  gelatinous 
material  is  forced  or  squirted  through  a  small  hole,  and  received 
in  a  vessel  containing  alcohol,  which  causes  it  to  set  and  harden 
sufficiently  to  be  handled  afterwards.  After  washing,  the  material, 
having  the  appearance  and  consistency  of  cooked  vermicelli,  is 
wound  upon  a  large  drum  and  dried,  after  which  it  possesses 
considerable  strength,  and  looks  much  like  a  cat-gut  string  such 
as  is  used  on  a  violin.  It  is  then  cut  into  lengths  suitable  for 
filaments,  and  carbonized  at  a  high  temperature. 

The  advantage  of  using  this  product  in  place  of  some  solid 
substance,  such  as  bamboo,  is  the  fact  that  it  is  perfectly  homo- 
geneous, and  can  be  made  readily  and  accurately  of  any  desired 
cross-section  or  length.  On  the  other  hand,  there  is  considerable 
difficulty  in  eliminating  entirely  bubbles  of  air  from  the  viscous 
solution  of  cotton.  If  thejt  are  present,  even  though  very  small, 
they  will  cause  a  flaw  in  the  filament  at  any  point  where  a  bubble 
may  happen  to  exist.  In  order  to  get  rid  of  them  the  solution  is 
filtered  and  heated  under  a  vacuum.  To  avoid  the  presence  of 
impurities  and  to  insure  a  perfectly  homogeneous  product  the  best 
quality  of  cotton  wool  should  be  used,  the  specially  high  grade 
employed  by  surgeons  as  absorbent  cotton  being  adopted  by  the 
best  manufacturers.  Great  skill  and  care  are  required  in  making 
the  mixture,  the  exact  density  and  temperature  of  the  zinc  chloride 
solution  as  well  as  the  proportion  of  cotton  dissolved  in  it  being 
matters  of  particular  importance.  The  formation  of  lumps  in  the 
jelly-like  mass  is  likely  to  occur,  and  should  be  prevented  by  con- 
stant stirring,  otherwise  the  resulting  filaments  will  not  be  of 
uniform  cross-section. 

Measuring  and  Sorting  the  Filaments After  being  carbon- 
ized, the  filaments  are  carefully  measured  and  sorted  according  to 
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length  and  diameter.  The  latter  is  reduced  very  greatly  by  the 
processes  of  drying  and  carbonizing,  so  that  it  must  be  determined 
very  exactly  by  means  of  a  micrometer.  A  filament  made  from 
**  squirted  '*  cellulose  solution  is  somewhat  elliptical  in  cross-section 
owing  to  its  having  been  wound,  while  soft,  upon  the  drying-drum. 
For  this  reason  it  is  necessary  to  measure  both  maximum  and 
minimum  diameters  in  order  to  determine  its  true  cross-section. 
The  filaments  suitable  for  the  various  types  and  sizes  of  lamps  are 
thus  selected.  In  a  general  way  the  length  is  proportional  to  the 
voltage,  and  the  surface  is  proportional  to  the  candle-power  for 
which  the  lamp  is  intended. 

Flashing  or  Treating  the  Filaments The  object  of  this  pro- 
cess is  to  render  the  filaments  stronger  and  more  uniform.  For- 
merly, when  they  were  made  from  bamboo,  thread,  and  similar 
materials,  the  filaments  obtained  were  far  from  uniform  throughout 
their  length.  The  present  forms  of  "  squirted  '*  filaments  are 
better  in  this  respect,  being  more  uniform  in  diameter  and  more 
homogeneous  ;  but  even  these  require  to  be  treated  after  being 
carbonized.  The  treatment  consists  in  raising  the  filament  to 
incandescence  by  passing  through  it  an  electric  current  in  an 
atmosphere  of  hydrocarbon  vapor  or  gas. 

The  high  temperature  of  the  filament  decomposes  the  hydro- 
carbon, and  causes  carbon  to  be  depo-sited  upon  it.  This  deposit 
occurs  over  the  entire  surface  of  the  filament,  but  is  greater  at 
any  point  where  the  electrical  resistance  may  be  abnormally  high, 
because  the  temperature  there  will  also  be  higher.  Hence  the 
tendency  is  to  produce  a  filament  of  uniform  resistance  throughout 
its  length.  In  the  same  way  the  strength  is  made  more  uniform, 
because  any  part  thinner  or  weaker  than  the  rest  is  likely  to  have 
a  higher  electrical  resistance,  so  that  it  will  be  reinforced  by  receiv- 
ing a  heavier  deposit  of  carbon.  On  the  other  hand  the  deposited 
carbon  is  graphitic  in  character,  and  has  a  lower  specific  resistance 
of  10  to  15  per  cent  that  of  the  original  filament,  which  is  undesir- 
able especially  for  high  voltage  lamps. 

The  filaments  are  treated  after  they  have  been  carbonized,  but 
before  they  have  been  mounted,  the  process  being  performed  in  a 
jar  containing  hydrocarbon  vapor.  The  stopper  of  the  jar  carries 
metallic  holders  into  which  the  ends  of  a  filament  are  inserted, 
the  latter  being  then   introduced  into  the  jar.     By  means  of  the 
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metallic  holders  which  serve  also  as  electrical  connections,  a  cur- 
rent is  caused  to  flow  through  the  filament  in  order  to  bring  it  to 
incandescence.  The  resulting  deposit  of  carbon  reduces  the  resist- 
ance until  a  certain  value  is  reached,  when  the  current  is  inter- 
rupted, and  the  filament  is  taken  out,  to  be  followed  by  another  and 
so  on.  The  proper  resistance  is  predetermined  by  experience  or 
calculation  for  each  type  of  lamp.  It  may  be  measured  during  the 
process  of  treatment  by  disconnecting  the  filament  from  the  cur- 
rent supply,  and  connecting  it  to  some  resistance  measuring  device, 
such  as  an  ohmmeter,  a  double-throw  switch  being  used  to  make 
the  change.  In  this  case  the  measurement  is  made  while  the  fila- 
ment is  cold,  and  it  is  generally  assumed  that  at  working  tempera- 
ture the  resistance  is  reduced  one-half.  It  is  also  an  easy  matter  to 
determine  the  resistance  when  the  filament  is  incandescent,  and  the 
carbon  is  being  deposited  upon  it.  By  measuring  the  voltage  across 
the  terminals  of  the  filament  and  the  current  flowing  in  it,  we  know 
from  Ohm's  law  that  ohms  =  volts  -s-  amperes.  In  another  method 
the  filament  is  made  one  arm  of  a  Wheatstone  bridge,  and  the 
other  three  resistances  are  so  adjusted  that  no  current  flows  in  the 
galvanometer  circuit  when  the  filament  reaches  the  proper  resist- 
ance. A  relay  put  in  place  of  the  galvanometer  will  release  its 
armature  at  that  moment,  and  may  be  arranged  to  stop  automati- 
cally the  current  through  the  filament.  The  increase  in  diameter 
resulting  from  the  deposit  of  carbon  is  about  10  per  cent,  but 
varies  in  different  sizes  and  makes  of  filament. 

Mounting  the  Filaments In  order  to  mount  the  filaments, 

that  is,  connect  them  to  the  "  leading-in  "  wires  (CCin  Fig.  352), 
that  are  to  supply  them  with  current,  various  methods  have  been 
devised  and  used.  One  plan  consists  in  electroplating  a  sleeve  of 
copper  around  the  end  of  the  filament  and  of  the  wire,  thereby 
mechanically  binding  and  electrically  connecting  them  together. 
In  lamps  formerly  made  from  carbonized  cardboard,  the  ends  of 
the  filaments  were  enlarged  so  that  they  could  be  attached  to  the 
ends  of  the  wire  by  very  small  bolts.  Another  method  consists 
in  forming  a  socket  at  the  end  of  the  wire  into  which  the  end  of 
the  filament  is  inserted,  and  held  in  place  by  squeezing  the 
socket  around  it.  These  means  of  connection  have  been  in 
most  cases  abandoned  for  the  simpler  and  cheaper  joint,  made 
by  pasting  together  the  ends  of  the  filament  and  wire,  using  a 
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mixture  of  powdered  carbon  and  molasses,  or  other  similar  sticky 
material.  Still  another  form  of  joint  is  made  by  heating  the 
junction  of  the  filament  and  the  wires  by  an  electric  current 
in  an  atmosphere  of  hydrocarbon  gas  or  under  a  hydrocarbon 
liquid.  In  this  way  a  deposit  of  solid  carbon  is  formed  around 
the  filament  and  wire,  which  binds  them  together.  The  deposit 
takes  place  more  rapidly  in  the  liquid,  but  the  latter  is  objection- 
able because  it  adheres  to  the  filament  and  wires.  This  so-called 
deposited  carbon  joint  is  a  very  good  one,  but  is  more  troublesome 
and  expensive  to  make  than  \\i^  pasted  joint. 

Platinum  **  Leading-In  ''Wires, — To  insure  a  perfectly  air- 
tight seal  where  the  "  leading-in "  wires  pass  through  the  glass, 
they  are  made  of  platinum,  because  its  coefficient  of  expansion  by 
heat  agrees  with  that  of  the  glass  which  is*  used.  If  the  two 
coefficients  of  expansion  differed  materially,  it  is  obvious  that  there 
would  be  a  tendency  either  to  crack  the  glass  or  to  let  in  air  when 
temperature  changes  occurred. 

Platinum  being  a  very  expensive  metal,  even  the  small  amount 
required  in  an  incandescent  lamp  is  a  considerable  item  in  the 
cost,  so  that  many  attempts  have  been  made  to  substitute  some 
cheaper  metal  or  alloy.  While  alloys  having  about  the  same 
coefficient  of  expansion  as  that  of  glass  can  be  made,  they  are 
open  to  the  objection  of  not  being  able  to  stand  the  high  tempera- 
ture of  melting  glass  or  the  action  of  the  blowpipe  flame  without 
melting  or  burning  while  being  sealed  in,  so  that  there  is  likely  to 
be  a  leak  owing  to  the  imperfect  fusing  of  the  glass  to  the  wire. 

In  order  to  economize  as  much  as  possible  in  the  cost  of  plati- 
num for  each  lamp,  the  greater  portion  of  the  length  of  the 
leading-in  wires  is  composed  of  copper,  platinum  being  used  only 
where  the  wire  passes  through  the  glass.  For  example,  in  Fig. 
352,  the  longer  parts,  D  C,  of  the  leading-in  wires  are  of  copper, 
and  the  shorter  parts,  D  E,  are  of  platinum,  the  joints  between  the 
two  being  made  by  electrical  welding. 

Glass  Portions  of  Incandescent  Lamps.  —  The  several  steps  in 
their  manufacture  are  indicated  in  Figs.  347-353,  a  standard 
Edison  16  c.  p,  lamp  being  represented  on  a  half  scale.  To 
form  the  "inside  part,"  a  glass  tube  A  is  used,  being  first 
softened  by  heat  and  flared  out  at  one  end  B,  The  other  end  is 
then  softened,  the  leading-in  wires  C  E  introduced,  and  the  plastic 
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glass  is  pinched  around  the  wires  at  Z?  Z>  so  as  to  form  a  her- 
metical  seal.  If  the  filament  is  to  be  of  a  form  to  require  it,  an 
anchor  F  is  introduced  at  the  same  time.  The  next  step  is  the 
making  of  the  bulb  G^  which  is  simply  blown  on  the  end  of  a  glass 
tube  HJy  in  the  ordinary  way.  The  extreme  end  of  the  bulb  is 
then  heated  by  a  blow-pipe,  and  a  small  glass  tube  L  M  is 
attached  to  it  at  that  point.  The  bulb  is  now  disconnected  from 
the  tube  /  by  melting  the  latter  around  at  K  and  pulling  the  two 
apart. 

The  inside  part  A  upon  which  the  treated  filament  iVhas  been 
mounted  by  means  of  pasted  joints  at  E  E  /%  is  next  introduced 
into  the  bulb  G,  and  the  two  are  united  by  fusing  together  the 
circular  edges  B  B  and  K  K.  The  partially  completed  lamp  is 
now  ready  to  be  exhausted  of  air  through 'the  tube  L  M. 

The  Objects  of  the  Vacuum  produced  in  the  bulb  of  an  incan- 
descent lamp  are : 

1.  To  avoid  the  combustion  of  the  carbon  filament. 

2.  To  reduce  wear  on  the  filament  due  to  "air-washing.** 

3.  To  diminish  the  loss  of  heat  from  the  filament. 

4.  To  decrease  the  flow  of  current  in  the  space  around  the 
filament. 

At  various  times,  it  has  been  attempted  to  attain  the  first 
of  these  objects  by  using  an  atmosphere  of  some  gas  or  vapor, 
such  as  nitrogen  or  bromine,  which  it  is  expected  will  not  com- 
bine with  the  carbon.  But  even  a  small  quantity  of  any  gas 
left  in  the  bulb  may  tend  to  consume  the  carbon,  partly  by 
chemical  combination,  and  partly  by  a  mechanical  action  called 
air-washing  that  wears  away  the  filament.  The  presence  of  any 
gas  or  vapor  also  causes  a  more  rapid  transfer  of  heat  by  conduc- 
tion and  by  convection  from  the  filament  to  the  bulb.  In  a 
vacuum,  on  the  other  hand,  the  filament  loses  heat  by  radia- 
tion alone,  so  that  a  smaller  quantity  of  energy  is  required  to 
maintain  it  at  a  certain  temperature  and  candle-power.  Hence 
the  efficiency  is  improved,  being  inversely  proportional  to  the 
energy  consumed,  other  things  being  equal.  For  the  same  reason 
the  bulb  of  a  vacuum  lamp  is  cool  enough  to  touch  with  the  hand, 
even  while  burning,  and  will  not  ignite  anything  that  may  come 
in  contact  with  it  unless  the  heat  is  allowed  to  accumulate  by 
leaving  it  for  some  time  partly  or  completely  surrounded  by  an 
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inflammable  material,  such  as  cloth  or  wood.  The  bulb  of  a  lamp 
containing  some  gas  becomes  considerably  hotter,  and  is  therefore 
less  convenient  to  handle,  as  well  as  more  likely  to  start  a  fire. 
The  "  air-washing  *'  effect  is  not  considered  to  be  as  important  as 
formerly,  the  wearing  out  of  the  filament  being  due  chiefly  to  pro- 
jection of  particles  from  its  surface,  and  chemical  action  upon  it 
if  any  active  gas  is  present. 

The  flow  of  current  through  the  space  around  the  filament 
is  called  the  Edison  effect  I  having  been  first  observed  by  him. 
It  is  a  loss  of  energy,  since  the  pale  bluish  light  that  it  produces 
adds  little  or  nothing  to  the  candle-power.  This  flow  is  greatly 
reduced  when  a  nearly  perfect  vacuum  is  reached.  In  fact,  lamps 
are  tested  to  see  if  the  vacuum  is  sufficiently  high,  by  connecting 
them  to  an  induction  coil ;  those  showing  the  pale  glow  through- 
out the  bulb  being  rejected.  On  the  other  hand,  the  presence  of 
any  considerable  quantity  of  gas  would  also  stop  the  wasteful  cur- 
rent, so  that  for  this  reason  alone  either  a  very  high  or  a  compara- 
tively low  vacuum  is  desirable.  The  flow  of  current  by  the  Edison 
effect  may  take  place  without  the  blue  glow,  but  Mr.  J.  W.  How- 
ell has  shown  *  that  the  two  often  go  together. 

The  blackening  of  the  bulb  which  gradually  occurs  while  the 
lamp  is  burning  was  found  by  Prof.  W.  A.  Anthony  f  to  be  con- 
siderably less  in  lamps  containing  a  slight  atmosphere  of  bromine 
than  in  ordinary  high  vacuum  lamps.  The  transfer  of  carbon  from 
the  filament  to  the  bulb  seems  to  occur  as  a  sort  of  projection  of 
particles  along  straight  lines  in  a  manner  similar  to  the  Crooke's 
effect.  Hence  it  is  quite  natural  that  the  presence  of  even  a  small 
quantity  of  vapor  would  interfere  with  the  deposit  by  reducing  the 
"  mean  free  path  "  of  the  particles.  The  blackening  of  the  bulb 
by  the  deposit  of  carbon  upon  its  inner  surface  is  one  of  the  impor- 
tant causes  in  the  falling  off  in  candle-power  of  lamps.  This 
matter  will  be  considered  further  under  the  head  of  "  Relation 
between  Candle-Power  and  Age  "  on  page  416. 

The  methods  of  exhausting  bulbs  used  singly  or  in  combination 
are  as  follows  : 

1.    By  means  of  mercury  pumps. 


*   Trans.  Amer.  Inst  Elec.  Eng..  vol.  xiv.  p.  27,  Feb.,  1807. 
t   Ibid.,  vol.  xi.  p.  1.32,  March,  1894. 
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2.   By  means  of  mechanical  pumps. 

8.    By  the  so-called  chemical  process. 

The  first  of  these  consists  in  connecting  the  tube  LM  (Fig. 
852)  to  a  Sprengel  or  other  suitable  form  of  mercury  pump  capa- 
ble of  producing  the  very  high  vacuum  required.  At  first  the 
quantity  of  bubbles  in  the  tube  of  the  mercury  pump  show  that 
the  air  is  being  rapidly  removed,  but  later  the  bubbles  become 
fewer  and  smaller,  until  finally  none  are  visible.  This  indicates 
that  no  more  air  can  be  drawn  out  under  the  existing  circum- 
stances, but  there  is  still  considerable  gas  clinging  to  the  glass, 
filament  and  leading-in  wires.  The  lamp  is  now  heated  by  passing 
current  through  the  filament  or  by  external  heat  in  order  to 
drive  off  these  gases  and  allow  them  to  be  removed,  by  the  pump. 
When  the  vacuum  is  sufficiently  high,  the  tube  LM  is  softened 
close  to  the  bulb  by  a  blow-pipe  flame  and  drawn  out  to  form  the 
tip  T  (Fig.  353),  thus  hermetically  sealing  the  lamp. 

The  second  plan,  employing  a  mechanical  pump,  is  now  cap- 
able of  producing  sufficiently  perfect  exhaustion  for  high  vacuum 
lamps,  being  also  used  to  save  time  and  expense  in  removing  the 
greater  part  of  the  air  at  first,  when  the  final  vacuum  is  obtained 
by  a  mercury  pump  or  by  the  chemical  process. 

In  the  chemical  process  the  lamp  is  nearly  exhausted  by  a 
mechanical  or  mercury  pump,  and  some  substance  previously 
introduced  into  the  bulb  is  then  caused  to  combine  with  the  small 
remaining  quantity  of  gas.  In  most  cases  a  small  quantity  of 
phosphorus  is  put  in  the  tube  ZJ/,  and  ignited  by  heat  applied 
to  the  outside.  It  combines  with  the  residue  of  gas  present  to 
form  solids  or  non-conducting  gases  which  are  practically  equiva- 
lent to  a  perfect  vacuum.  It  is  found  that  red  phosphorus,  which 
is  comparatively  harmless,  can  be  used  instead  of  the  yellow  form, 
that  would  be  injurious  to  the  employees  who  handled  it. 

Bases  and  Sockets.  —  The  sealed  lamp  is  now  ready  to  receive 
the  base  which  supports  it,  and  at  the  same  time  makes  the  ne- 
cessary electrical  connections  that  supply  it  with  current.  Many 
forms  of  base  have  been  used,  the  most  prominent  being  the  Edison 
standard  type  shown  in  Fig.  354.  This  consists  of  a  brass  shell 
formed  into  a  screw-thread,  to  which  one  leading-in  wire  is  soldered 
at  Py  and  a  brass  button  to  which  the  other  leading-in  wire  is 
soldered  at  R,    To  hold  the  parts  together  and  insulate  them  from 
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each  other,  the  spaces  between  are  filled  in  with  soft  plaster  of  paris 
as  indicated  by  dots  in  Fig.  353.  This  is  allowed  to  harden  and  is 
then  dried,  otherwise  the  moisture  would  short-circuit  the  terminals. 
At  present  porcelain  pieces  are  generally  used  instead  of  plaster. 

The  corresponding  Edison  socket,  which  is  the  same  as  that 
used  with  plug  cut-outs  (Fig.  336),  is  made  with  a  screw-thread 
and  contact  point  to  receive  the  base  of  the  lamp  and  make  elec- 
trical connections  to  it.     Simplicity  and  cheapness  are  the  chief 


Edison.  Sawyer- Nf an  or  United  States  or  Thomson-Houston. 

Westinghouse.  Weston. 


Ediswan  or  English  Brush-Swan.  Schaeler. 

Swan. 

Fig9.  364-301.    Typical  Lamp  Bases.    Iwc-thirda  Size. 

advantages   of   this  form ;   and  it   is  gradually    displacing   other 
types  in  this  country. 

The  Sawyer-Man  or  Westinghouse  lamp  base,  illustrated  in 
Fig.  355,  is  provided  with  electrical  contacts  similar  to  those  of 
the  Edison  type ;  but  the  lamp  is  held  in  place  by  inserting  it  in  a 
socket  consisting  of  spring  clips  or  fingers  which  grasp  it  on  all 
sides.  The  Thomson-Houston  base  has  a  central  hole  in  which  a 
thread  is  cut,  so  that  it  may  be  screwed  down  upon  a  projecting 
screw  in  the  socket.  The  Swan,  and  similar  bases  represented 
in  Figs.  358-360,  are  of  the  bayonet  type,  having  small  pins  on 
the  sides  which  fit  into  slots  in  the  socket,  being  inserted  and 
then  turned  slightly  in  order  to  lock  them.  All  of  these  may  be 
classified  under  the  three  heads  of  the  screWy  clify  and  bayonet 
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types.  The  first  class  possesses  the  advantages  that  have  been 
given  for  the  Edison  base,  and  the  lamp  may  be  lighted  or  ex- 
tinguished by  screwing  it  in  or  out  about  one  turn.  This  is  con- 
venient in  case  the  switch  is  not  easily  reached  or  is  out  of  order. 
The  clip  or  bayonet  bases  are  not  adapted  to  be  used  in  this 
way  ;  on  the  other  hand,  they  are  not  so  likely  to  work  loose  as 
the  screw  forms.  For  very  large  lamps,  special  types  of  socket, 
as  in  Fig.  368,  are  often  employed. 

It  has  been  attempted  to  secure  the  general  adoption  of  a 
standard  lamp  base  and  socket ;  but  owing  to  patent  questions,  the 
jealousy  of  manufacturers,  and  the  fact  that  large  numbers  of  the 
different  types  have  been  installed,  the  effort  has  not  been  very 
successful  in  this  country  or  abroad.  Now  that  the  original 
patents  have  expired,  it  would  seem  that  this  uniformity  might  be 
attained  in  order  to  save  makers  and  dealers  the  trouble  and  ex- 
pense of  carrying  in  stock  so  many  styles  of  lamps  and  sockets. 
The  great  variety  in  voltage,  candle-power,  form  and  color  of 
bulb,  and  type  of  base,  makes  almost  innumerable  combinations 
that  may  be  called  for. 

Forms  of  Filament.  —  The  ordinary  16  candle-power  lamp  at 
110  volts  consumes  about  \  ampere,  consequently  its  resistance 
must  be  ^bout  220  ohms  when  burning.     A  filament  having  this 


SingI*  Curl  Double  Doubl*  Double  Curl 

Anchored  U  Curl  Anchored 

Single  U 

flg9.  862-367.    Different  Forma  of  Fltamant 

resistance,  and  sufficient  cross-section  to  give  mechanical  strength 
and  the  required  illumination,  should  be  about  7  to  9  inches  long. 
The  single  U  shape  (Fig.  362)  was  generally  adopted  in  incan- 
descent lamps  for  many  years,  but  the  excessive  length  of  the  [/, 
and  its  tendency  to  droop,  demand  a  large  bulb.  Furthermore, 
its  distribution  of  light  is  poor,  as  explained  later.  To  avoid  these 
objections,  the  curled  forms  of  filament  are  now  being  used  almost 
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universally.  The  single  curl,  the  single  curl  anchored,  and  the 
double  curl  (Figs.  363,  364,  and  366),  are  common  forms  in  lamps 
for  100  to  125  volts,  and  from  8  to  50  candle-power. 


Fig.  368.    Three  Hundred-Candle-Pou/er  Lamp.    One-third  Site. 

The  Filament  of  a  220-  Volt  Lamp  should  be  about  twice  as 
long  as  and  about  one-half  the  cross-section  of  a  standard  110-volt 
filament  giving  the  same  candle-power,  because  the  former  takes 
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one-half  as  much  current  at  twice  the  voltage,  in  order  to  consume 
the  same  number  of  watts.     As  a  matter  of  fact,  a  220-volt  lamp 
requires  a  larger  number  of  watts  per  candle-power ;  consequently 
its  current   is  about  six-tenths  instead  of 
one-half  as  great.     The  220-volt  filament, 
with  its  increased  length,  is  usually  made 
in   the   double    U  or   double   curl    forms 
(Figs.   365-7),  in  order  not  to  require   a 
large  bulb. 

Large  Lamps  of  100  to  300  candle- 
power  are  usually  made  with  the  single 
£/ filament,  as  represented  in  Fig.  368,  or 
with  the  double  U  form  (Fig.  365).  In 
this  case  the  cross-section  is  much  greater, 
the  current  in  a  100  candle-power  lamp 
being  about  six  times  that  in  a  16  candle- 
power  lamp  of  the  same  voltage. 

Anchored  Filaments  are  used  when 
their  length  or  the  form  of  the  bulb  is 
such  that  there  is  danger  of  their  touch- 
ing the  glass  and  cracking  it  so  as  to  let 
in  the  air  and  burn  up  the  filament.  This 
occurs  either  from  excessive  vibration  or 
from  the  gradual  drooping  or  bending  of 
the  filament,  which  is  likely  to  take  place, 
especially  when  the  lamp  is  not  vertical 
and  pointing  downward.  Two  arrange- 
ments have  already  been  described  (Figs. 
353  and  367),  in  which  the  anchors  are 
attached  to  the  "  inner  part "  through 
which  the  leading-in  wires  pass.  Another 
common  form  of  anchor  is  sealed  in  the  tip 
of  the  bulb,  being  a  necessity  in  the  tubu- 
lar lamp  shown  in  Fig.  369  to  support  the  ^^^-  ^^^'  ^"*"'"''  ^"'"''• 
extreme  end  of  the  filament,  and  prevent  it  from  touching  the 
glass. 

The  Distribution  of  Light  differs  greatly  in  the  various  types  of 
lamp,  depending  almost  wholly  upon  the  shape  of  the  filament. 
The  straight  single  6^  form  (Fig.  362),  giving  16  mean  horizontal 
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candle-power,  emits  only  5.7  candle-power  in  the  direction  of  the 
tip.  A  "long  curl  anchored"  filament  (Fig.  364),  having  the 
same  mean  horizontal  candle-power,  gives  7.05  candle-power  from 
the  tip ;  and  a  double  curl  filament  (Fig.  366),  of  the  same  mean 
horizontal  candle-power,  gives  10.1  candle-power  from  the  tip, 
showing  great  variations  in  illuminating  power  in  different  direc- 
tions. The  horizontal  and  vertical  distribution  of  light  is  shown 
by  curves  in  Figs.  370  and  371  for  long  curl  anchored  and  double 
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f/'sra.  370,  371.     Distribution  of  Light. 


curl  filaments  respectively.  The  results  for  the  five  principal 
forms  as  ordinarily  proportioned  are  given  in  the  table  on  page  409. 
A  comparison  of  these  figures  shows  that  the  candle-power 
measured  in  line  with  the  tip  is  much  less  in  the  single  or  double 
fZ-shaped  filament  than  in  the  single  or  double  curl  form,  the  mean 
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horizontal  candle-power  being  the  same  in  all  cases.  The  obvious 
reason  for  the  difference  is  the  fact  that  the  two  former  expose  less 
surface  in  that  direction  than  the  two  latter.  By  slightly  twisting 
a  U  filament  so  that  it  does  not  lie  in  one  plane,  the  candle-power 
from  the  tip  may  be  increased,  and  by  shaping  it  with  one  or  two 
curls  the  distribution  of  light  will  evidently  be  still  more  uniform. 
It  is  also  a  fact  that  the  tip  itself  intercepts,  or  rather  reflects  and 
refracts,  some  of  the  light  tending  to  pass  through  it,  so  that  the 

• 
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Candle-Powbr  Taken." 

Can  DLB- Power. 

Single 
U-shaped 
Filament. 
Fig.  362. 

Single 

Curl 

Filament. 

Fig.  363. 

Long 

Curl 
Anchored 
Filament. 
Fig.  364. 

Double 
U-shaped 
Filament. 
Fig.  365. 

Double 

Curl 
Filament. 
Fig.  366. 

{a)  Mean  horizontal  at  180  revolutions 
\b)  Mean  horizontal  (standard  method) 
(V)  Mean  horizontal  (from  curves)  .     . 
\d)  Mean  spherical  (standard  method) 
\e)  Mean  with  axis  at  45  degrees    .     . 

(y*)  Mean  hemispherical 

{g)  Mean  within  30  degrees  from  tip  . 
\h)  From  the  tip 

16 
15.8 
16.0 
12.7 
10.5 
14.3 
8.7 
6.7 

16 
16.2 
16.7 
13.5 
12.0 
14.5 
10.3 
8.35 

16 

16.6 

16.7 

13.76 

11.7 

14.6 

8.7 

7.06 

16 
16  0 
16.1 
13.2 
12.0 
14.0 
7.9 
4.8 

16 

15.72 

15.6 

13.8 

14.0 

14.5 

10.9 

10.1 

candle-power  in  that  particular  direction  is  still  further  diminished. 
For  this  reason  "tipless  lamps"  are  made,  the  end  of  the  bulb 
being  made  perfectly  smooth. 

On  the  other  hand,  the  table  shows  that  the  mean  spherical 
and  mean  hemi-spherical  candle-power  are  very  nearly  the  same  for 
all  five  forms  of  filament.  As  a  matter  of  fact,  either  of  these  is 
far  more  important  practically  and  scientifically  than  the  candle- 
power  in  any  one  direction,  except  for  some  special  purpose,  in 
which  case  a  reflector  may  be  used  to  throw  in  the  direction  re- 
quired nearly  all  of  the  light  emitted  by  the  lamp.  The  facts  given 
in  Figs.  370-371  and  in  the  table  are  obtained  from  a  paper  by 
Professor  A.  J.  Rowland  before  the  Franklin  Institute,*  in  which 
the  great  importance  of  the  light  from  the  tip  is  insisted  upon. 
In  fact,  he  calls  this  the  "useful  light,**  because  incandescent 
lamps  are  usually  placed  with  the  tip  downward.     But  in  many 

*  Electrical  World  and  Engiiuer^  Oct.  13,  1900. 
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cases  they  are  arranged  the  other  way ;  and  even  when  they  are 
not,  there  are  reflections  from  the  ceilings  and  walls,  and  from  the 
gJobes  or  shades  with  which  lamps  are  generally  provided,  so  that 
a  fairly  uniform  distribution  of  light  results. 

Resistance  of  Filaments.  —  The  only  electrical  property  that  an 
incandescent  lamp  possesses  is  its  resistance.  The  ordinary  carbon 
filament  has  about  twice  as  much  resistance  when  cold  as  it  has 
when  raised  to  the  working  temperature.  Obviously  the  latter  is 
the  important  value,  ^nd  absolutely  determines  the  current  and  the 
power  that  the  lamp  will  consume  at  a  given  voltage.  Calling  the 
latter  V,  the  resistance  in  ohms  of  the  hot  filament  Rh,  the  current 

V 
in  amperes  C,  and  the  power  in  watts  Wy  we  have :  C  =  -^    and 

Ordinarily  lamps  of  almost  any  size  take  from  3  to  4  watts  per 
candle-power.  Assuming  an  average  value  of  3.5,  and  that  the 
voltage  V\%  110,  we  have  from  the  second  equation:  3.5  X  c.  p. 
=  12100  -^  Ri,  or  Ri^  =  3457  -^  c.  p.  Hence  the  resistance  of  a 
16  candle-power  lamp  using  3.5  watts  per  candle-power  is  3457 
-8-  16  =  216  ohms,  the  current  is  110  -s-  216  =  .51  ampere,  and 
the  power  is  12100  -s-  216  =  56  watts.  A  lamp  of  32  candle-power 
consuming  the  same  number  of  watts  per  candle-power  has  a  resist- 
ance of  3457  -5-  32  =  108  ohms,  or  exactly  one-half  as  much  as 
before,  the  current  is  110  -f-  108  =  1.02  ampere,  and  the  power  is 
12100  -!-  108  =  112  watts,  the  two  latter  being  twice  as  great  as 
for  the  16  candle-power  lamp.  In  short,  for  a  given  efficiency  and 
voltage,  the  resistances  of  lamps  are  inversely  proportional  to  their 
candle-power,  and  the  current  and  power  increase  directly  with  the 
candle-power. 

Specific  Resistance  of  Filaments,  — The  completed  filament  con- 
sists partly  of  the  original  cellulose  or  other  material  carbonized, 
and  partly  of  the  carbon  deposited  upon  it  when  it  is  "flashed  "  or 
"treated."  The  specific  resistance  of  the  former  differs  greatly 
according  to  the  material  used,  but  is  ordinarily  between  .0022  and 
.0035  ohms  per  cubic  centimeter  when  hot,  and  about  1^  to  2  times 
greater  when  cold.  The  deposited  carbon  has  a  specific  resistance 
about  .12  to  .16  as  large  as  that  of  the  untreated  filament  when 
both  are  hot,  but  the  resistance  of  the  former  is  increased  about 
2  to  2^  times  at  ordinary  temperature.     In  almost  all  lamps  the 
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proportion  of  the  two  kinds  of  carbon  is  such  that  the  resistance  of 
the  treated  filament  is  about  twice  as  great  when  cold  as  when  hot. 

The  variation  in  resistance  is  not  great  at  or  near  the  working 
temperature ;  in  fact,  most  of  the  reduction  in  resistance  occurs 
before  the  filament  becomes  red  hot.  This  is  fortunate,  because 
a  lamp  is  exceedingly  sensitive  to  variations  in  voltage,  and  a  de- 
creased resistance  with  increased  temperature  would  aggravate  this 
difficulty-  It  would  be  desirable,  in  fact,  to  have  the  resistance  of 
the  filament  increase  with  temperature,  as  in  the  case  of  metals, 
tending  to  keep  the  current  constant  if  the  voltage  happens  to  rise 
or  fall.  Mr.  J.  W.  Howell  *  has  shown  that  this  effect  is  obtained 
when  the  proportion  of  deposited  carbon  is  large.  This  form  of 
carbon  is  graphitic  in  character ;  and  its  resistance  falls  rapidly  until 
the  voltage  is  30  or  40  per  cent  of  its  rated  value,  above  which  the 
resistance  increases  steadily  even  at  60  per  cent  excess  over  the 
normal  voltage,  which  is  the  limit  of  the  experiments,  as  the  lamps 
bum  out  very  quickly  at  this  high  temperature.  The  resistance 
of  the  untreated  filament  does  not  fall  so  rapidly  at  first  as  that  of 
the  deposited  carbon,  but  it  continues  to  diminish  even  when  the 
voltage  is  raised  to  60  per  cent  above  the  normal.  Hence  it  is 
possible,  by  varying  the  proportion  of  original  and  deposited  carbon, 
to  have  a  positive,  zero,  or  negative  temperature  coefficient  at 
working  voltage.  In  most  cases  it  is  practically  zero.  The 
original  filament  of  Edison  lamps  has  a  specific  resistance  of  1.726 
ohms  per  cubic  mil  cold,  and  .88  ohms  at  a  temperature  corre- 
sponding to  3.1  watts  per  c.  p.  The  figures  for  the  deposited 
carbon  are  .26  and  .12  ohms  respectively. 

Size  of  Filaments.  —  The  dimensions  of  a  filament  must  fulfill 
two  conditions :  first,  the  resistance  must  be  such  that  the  lamp 
shall  take  the  proper  current  and  power  at  the  voltage  for  which 
it  is  intended,  as  explained  on  p.  410;  and  second,  the  power  lost 
by  the  filament  as  heat  at  the  working  temperature  must  exactly 
balance  the  electrical  power  supplied.  The  loss  of  heat  from  a 
body  may  take  place  in  three  ways  :  (1)  by  conduction  through 
the  bodies  with  which  it  is  in  contact ;  (2)  by  convection  currents 
in  the  gas  or  liquid  surrounding  it ;  (3)  by  radiation.  The  fila- 
ment of  an  incandescent  lamp  loses  a  small  amount  of  heat  by 

♦   Trans.  Amer.  Inst.  Elec.  Eng.,  vol.  xiv.,  p.  30,  1897. 
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conduction  through  the  leading-in  wires;  and  since  it  is  usually- 
situated  in  a  nearly  perfect  vacuum,  it  loses  practically  nothing  by- 
convection,  hence  the  loss  occurs  almost  entirely  by  radiation. 
The  rate  at  which  a  body  radiates  heat  is  proportional  to  its  surface, 
other  things  being  equal,  so  that  this  surface  must  have  a  certain 
value  for  a  given  number  of  watts  supplied.  According  to  New- 
ton's law  of  cooling,  the  loss  of  heat  is  also  proportional  to  the 
elevation  in  temperature,  and  finally  it  depends  upon  the  character 
or  emissivity  of  the  surface,  that  is,  the  number  of  heat  units 
emitted  from  a  unit  surface  per  degree  of  temperature  above  that 
of  the  surrounding  bodies.  Above  a  red  heat  the  illumination  from 
the  filament  increases  much  more  rapidly  than  the  emission  of  heat, 
consequently  the  efficiency  or  candle-power  per  watt  is  greater  the 
higher  the  temperature.  There  is  a  practical  limit,  however,  to 
the  temperature,  above  which  the  filament  is  too  rapidly  destroyed, 
so  that  there  must  be  a  compromise  between  the  life  of  a  lamp  and 
its  efficiency. 

The  actual  working  temperature  of  filaments  is  very  diflficult 
to  measure.  According  to  Prof.  H.  J.  Weber  it  is  1591°  C.  at 
3.1  watts  and  1560°  at  4  watts  per  candle-power.  In  practice  this 
temperature  is  indirectly  determined  by  the  color  of  the  light,  the 
efficiency  and  the  life  of  lamps,  all  of  which  depend  upon  it. 

The  filament  may  be  rectangular  in  cross-section  when  cut 
out  of  cardboard  or  sheets  of  other  material,  and  it  has  sometimes 
been  made  hollow ;  but  ordinarily  it  is  solid  and  circular,  or  slightly 
elliptical  in  section.  In  a  filament  having  a  diameter  D  and  length 
L  in  centimeters,  surface  5  in  square  cm.,  resistance  when  hot  /?*, 
and  carrying  a  current  C  the  heat  produced  must  be  proportional 
to  the  surface,  since  it  is  lost  almost  entirely  by  radiation.  If  H 
is  this  loss  measured  in  watts  per  square  cm.,  and  r  the  specific 
resistance  per  cubic  cm. 

CR^^HS,      j?,=  i-j^'',     and     S=irDL. 
Hence  by  substitution 

^J:  =  ff.DL,     or    ZP'=^^^   and   Z>  =  C»  (/^. 

The  quantity  under  the  radical  sign  is  constant  for  a  given 
material  at  the  working  temperature,  consequently  Z),  the  diame- 
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ter  of  the  filament,  must  be  made  proportional  to  the  §  power  of 
the  current.  The  length  L  disappears,  hence  for  a  given  tempera- 
ture (about  the  same  for  lamps  using  the  same  watts  per  candle- 
power)  the  diameter  depends  solely  upon  the  current  to  be 
carried.  The  resistance  R^  increases  directly  with  the  length  Z, 
hence  C  Rh$  or  the  voltage  required  between  the  terminals  of  a 
filament,  is  directly  proportional  to  its  length,  other  things  being 
equal.  For  example,  a,  220-volt  lamp  may  be  made  by  doubling 
the  length  of  a  110-volt»filament,  a  common  plan  being  to  use  two 
of  the  latter  in  series.  The  current  would  be  the  same  in  both 
cases,  hence  the  watts  are  twice  as  great  for  the  220-volt  lamp,, 
and  the  candle-power,  being  nearly  proportional  to  the  watts,  would 
also  be  doubled.  Two  16  candle-power  filaments  would  give  82 
candle-power;  so  in  order  to  make  a  16  candle-power,  220-volt 
lamp,  it  is  necessary  to  reduce  the  diameter  of  the  filament,  making 
it  the  same  as  for  8  candle-power  at  110  volts.  Unfortunately  the 
weakness,  due  to  diminished  diameter,  requires  the  lamp  to  be  run 
at  a  somewhat  lower  temperature,  and  therefore  lower  efficiency. 
For  example,  a  220-volt  lamp  may  take  3.8  compared  with  3.1  watts 
per   candle-power  for  110-volt  lamps,  or  about  20%  more  power. 

The  actual  sizes  of  filaments  depend  largely  upon  the  propor- 
tion of  deposited  carbon,  the  specific  resistance  of  the  latter  being 
about  .12  to  .16  that  of  the  untreated  filament,  as  already  stated. 
Ordinarily  the  diameter  is  increased  about  10  or  20%  by  the  de- 
position of  carbon. 

Relations  Between  Voltage,  Candle-Power,  Efficiency,  and  Life. 
—  The  voltage  of  a  lamp  is  the  potential  difference  measured  across 
its  terminals.  Candle-power  may  be  defined  in  the  various  ways 
stated  on  page  308,  the  mean  spherical  candle-power  being  the 
complete  measure,  but  the  most  difficult  to  determine.  The  mean 
horizontal  candle-power  may  be  easily  measured,  while  the  lamp  is 
rotated  180  to  220  tinjies  per  minute  with  its  axis  vertical,  and  it 
is  that  by  which  lamps  are  rated  by  their  manufacturers ;  but  the^ 
mean  spherical  is  usually  15  to  20%  less,  as  shown  in  the  table  on 
page  409.  It  has  been  recommended  by  the  National  Electric 
Light  Association  to  measure  the  candle-power  while  the  lamp 
is  rotated  with  its  axis  inclined  45°  to  the  photometer.  This 
usually  gives  results  approximating  the  mean  spherical  candle- 
power,  but  does  not  necessarily  do  so.     In  what  follows,  the  mean 
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horizontal  candle-power  is  used,  since  lamps  are  generally  rated  by 
it.  The  efficiency  of  a  lamp  is  measured  by  the  number  of  candle- 
power  per  watt.  It  is  usually  stated  as  the  number  of  "  watts  per 
candle-power  ; "  but  of  course  this  is  the  inverse  of  efficiency, 
since  it  is  larger  with  poorer  lamps.  The  life  of  a  lamp  means 
either  the  total  number  of  hours  it  gives  light  before  burning  out, 
or  the  number  of  hours  it  burns,  until  its  candle-power  has  fallen 
to  a  certain  fraction  —  usually  80%  of  its  rated  value.  The  former 
might  be  called  the  totals  and  the  latter  the  useful  life,  beyond 
which  it  is  not  economical,  and  should  be  replaced  by  a  new  lamp, 
even  if  it  is  capable  of  burning  much  longer.  Unless  otherwise 
stated,  all  data  are  given  for  lamps  up  to  126  volts,  and  are  sub- 
stantially true  for  220  volts,  but  the  latter  are  more  sensitive. 

The  candle-power,  etc.,  of  lamps  vary  in  much  greater  propor- 
tion than  the  voltage  supplied,  as  shown  in  the  foUowing  table : 


VABZATIOir   ZH   OAKDI^B-FOfWSB, 


AMD   LIFE. 


In  the  following  table  is  shown  the  variation  in  candle-power, 
efficiency,  and  useful  life  of  General  Electric  standard  100  to  125 
volt  8.1  and  8.6  watt  lamps,  due  to  variation  of  voltage  supplied 
to  them. 


Pbr  Ckht 

OF  Normal 

VOLTAGX. 

Pbr  Cknt 

OF  NORMAI. 

Candlx- 

POWBR. 

Efficieno'  in 

Watts 

Per  CandlEi 

8.1-Watt 

Lamf. 

Rblativb 
Life. 

3.1-Watt 
Lamp. 

Efficibhcy 

Watts 

PRR    CaNDLB, 

3.6  Watts. 

LiFB, 

90 

58 

4.65 

9.41 

5.36 

91 

67 

4.44 

7.16 

5.09 

92 

61 

4.24 

6.55 

4.85 

98 

66 

4.1 

4.35 

4.63 

94 

69» 

3.9 

3.45 

4.44 

3.94 

96 

74 

3.75 

2.75 

4.26 

3.10 

96 

79 

3.6 

2.20 

4.09 

2.47 

97 

84 

3.45 

1.79 

3.93 

1.95 

98 

89 

3.84 

1.46 

3.78 

1.68 

99 

94i 

3.22 

1.21 

3.64 

1.26 

100 

100 

3.1 

1.000 

3.5 

1.00 

101 

106 

2.99 

.818 

3.38 

.84 

102 

112 

2.9 

.681 

3.27 

.68 

103 

118 

2.8 

.562 

3.16 

.58 

104 

124 

2.7 

.452 

3.05 

.47 

105 

130 

2.62 

.374 

2.95 

.39 

106 

137 

2.54 

.310 

2.85 

.31 

For  example,  a  lamp  of  16  candle-power,  106  volts,  and  8.1 
watts,  if  burned  at  103  %  of  normal  voltage,  or  about  108  volts, 
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will  give  118  %  of  16  candle-power,  or  17.9  candle-power,  the 
efficiency  will  be  2.8  watts  per  candle,  but  the  life  is  reduced  nearly 
one-half,  being  .562  of  the  normal. 

In  other  words  an  increase  of  only  3  %  in  voltage  raises  the 
candle-power  18  %,  the  explanation  being  that  up  to  a  red  heat  no 
light  is  given,  but  after  that  increases  rapidly  with  the  tempera- 
ture. Since  the  resistance  of  the  filament  is  almost  constant  near 
the  working  temperature  the  current  rises  directly  with  the  volt- 
age, so  that  the  watts  for  this  case  are  103  x  103  =  106  %  of 
their  normal  value  ;  that  is,  6  %  more  power  produces  18  %  more 
candle-power,  the  watts  per  candle-power  being  reduced  from  JJ.l 
to  2.8,  an  improvement  of  10  «/{,.  Unfortunately  this  very  desir- 
able gain  is  offset  by  the  decrease  in  life  resulting  from  the  higher 
temperature  and  the  rapid  falling  off  in  candle-power  and 
efficiency.  Long  experience  has  shown  that  filaments  for  125 
volts  or  less  should  be  designed  to  run  at  a  temperature  that 
gives  an  efficiency  of  3.1  to  3.5  watts  per  candle-power.  Above 
this,  the  trouble  and  expense  of  renewing  the  lamps  more  than 
counterbalance  the  saving  in  power.  It  is  also  important  to  note 
that  the  rated  watts  per  candle-power  usually  represent  the  initial 
efficiency  and  filaments  that  burn  at  too  high  temperature,  soon 
show  much  poorer  results,  so  that  the  average  efficiency  may  not 
be  improved.  In  the  case  of  lamps  for  about  220  volts,  it  has  not 
been  found  practicable  to  do  better  than  8.4  to  4  watts  per  candle- 
l^ower  (initial)  owing  to  the  greater  length  and  smaller  diameter  of 
the  filament  as  explained  on  p.  406. 

Another  table,  issued  by  the  makers  of  the  Packard  lamp,  is 
given  below,  showing  results  somewhat  different  from  those  on 
p.  414,  the  average  life  being  less  affected  by  raising  or  lowering 
the  voltage.  For  example,  8.1  watt  lamps  having  580  hours 
average  life  at  normal  voltage,  are  stated  to  have  a  life  of  280 
hours  at  6  %  increased  voltage.  In  the  previous  table  the  rela- 
tive life  is  given  at  .81,  that  is,  .81  x  580  =  179.8  hours,  which  is 
considerably  less.  The  results  of  actual  practice  probably  approxi- 
mate more  closely  those  contained  in  the  former  table.  The 
useful  life  at  normal  or  excessive  voltage  is  actually  less  than 
here  stated  with  the  usual  Hmit  of  80  of  the  initial  candle- 
power.  For  lives  as  long  as  those  given  in  the  table,  the  average 
candle-ix)wer  would  fall  to  60  or  70  r^f  of  its  initial  value. 
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96  Pkr  Cent 
OP  Normal 

VOLTAGB. 

100  Per  Crnt 

OF  Normal 

Voltage. 

102  Per  Cekt 

OF  Normal 

Voltage. 

104  Per  Cent 

OF  Normal 

Voltage. 

106  Per  Cent 

OF  Normal 

Voltage. 

Actual 
Watts 

Actaal 

Life 

in 

Hours. 

Actual 
Watts 

Actual 

Life 

in 

Hours. 

Actual 
Watts 

Actual 

Life 

in 

Hours. 

Actual 
Watts 

Actual 

Life 

in 

Hours. 

Actual 
Watts 

Actual 

Life 

in 

Hours. 

4.8.) 
4.31 
3.77 
3.34 
2.69 

3600 

2000 

1200 

760 

350 

4.5 

4. 

3.5 

3.1 

2.5 

2400 

1500 

900 

680 

200 

4.21 

3.74 

3.27 

2.9 

2.34 

1830 

11(50 

700 

460 

210 

3.92 

3.48 

3.05 

2.7 

2.18 

1400 
880 
650 
360 
170 

3.7 

3.28 

2.87 

2.54 

2.05 

1120 
710 
440 
280 
140 

Individual  Performance  of  Lamps.  The  discrepancies  just 
pointed  out  illustrate  the  great  differences  in  rating  and  in  re- 
sults. This  is  partly  due  to  different  methods  of  manufacture 
and  testing,  and  partly  to  wide  variations  in  individual  perform- 
ance. The  figures  are  supposed  to  represent  averages  ;  but  lamps, 
even  when  rated  exactly  the  same,  differ  greatly  from  each  other. 
The  results  of  tests  on  a  number  of  lamps  are  plotted  upon  what 
are  called  "target  diagrams,"  as  illustrated  in  Figs.  372  and  373. 
The  former  shows  that  the  watts  required  to  produce  a  given 
candle-power  vary  about  10%,  and  the  candle-power  runs  from 
16  to  21,  with  watts  from  63  to  71,  although  the  lamps  were  all 
supposed  to  be  the  same.  These  are  bad  results ;  but  Fig.  373  is 
considered  very  satisfactory,  since  only  2  lamps  out  of  50  are  out- 
side of  the  limiting  target,  which  permits  1.5  candle-power,  and 
3  watts  range  above  or  below  the  normal.  The  manufacturer 
attempts  to  hit  the  center,  that  is,  obtain  uniform  results ;  and  in 
this  case  has  done  fairly  well  with  most  of  the  lamps.  Neverthe- 
less, the  individual  differences  are  considerable,  and  show  the  diffi- 
culty of  rating  incandescent  lamps  exactly. 

The  Relation  Between  Candle-Power  and  Age  in  Fig.  374 
also  illustrates  these  differences,  lamps  of  approximately  equal 
initial  candle-power  giving  from  11^^  to  17^  candle-power  at  the 
end  of  100  hours  run.  In  some  cases  the  candle-power  rises  at 
first,  in  others  later,  and  in  some  not  at  all;  but  the  general 
tendency  is  downward  for  all.  The  average  shown  by  the  dotted 
line  is  fairly  good ;  being  14.1  candle-power,  or  88  %  of  16  candle- 
power  at  600  hours,  and  apparently  would  fall  to  80  %  at  about 
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850  hours,  a  satisfactory  result  for  a  3.5  watt  lamp.  The  decline 
in  candle-power  of  an  incandescent  lamp,  which  continues  until 
finally  the  filament  bums  out,  is  due  to  the  following  causes : 

1.    The   filament   wears   away   by   evaporating  or   projecting 
particles  of  carbon  from  its  surface. 

Hours 
O   lOa  200  300  400  50a  600 


% 

0 

3 


f /jr.  574.    Relation  betww  Candle-power  and  Age, 

2.  The  interior  surface  of  the  bulb  becomes  blackened  and 
less  transparent,  owing  to  the  carbon  deposited  upon  it. 

3.  The  emissivity  (for  heat)  of  the  filament  increases  so  that 
its  temperature  is  lowered. 

This  falling  candle-power  is  the  most  serious  trouble  with 
incandescent  lamps,  since  it  is  not  shown  by  a  test  in  the  begin- 
ning, and  being  so  gradual  escapes  definite  attention.  It  is,  how- 
ever,  a   common    cause    for   dissatisfaction,    producing   the    very 
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general  impression  that  a  so-called  16  candle-power  incandescent 
lamp  does  not  give  as  much  Hght  as  the  ordinary  gas-burner  (using 
5  cu.  feet  per  hour).  This  idea  is  well  founded,  because  we  have 
seen  that  lamps  are  rated  by  their  mean  horizontal  candle-power, 
which  is  usually  15  to  20  %  less  than  the  mean  spherical. 
Furthermore,  the  former  falli:  to  80  %  of  its  initial  value  at  the  end 
of  the  useful  life,  and  the  average  is  90  %,  assuming  a  uniform  de- 
cline, which  is  close  enough  for  practical  purposes ;  so  that  the 
actual  candle-power  is  about  25  %  less  than  the  nominal,  or  about 
12  candle-power,  compared  with  about  20  to  30  for  the  gas- 
burner. 

This  trouble  is  aggravated  by  the  fact  that  lamps  are  rarely 
renewed  when  they  have  fallen  20%  in  candle-power,  as  the  almost 
universal  custom  is  to  let  them  run  until  they  burn  out,  which 
may  take  1500  hours  or  more.  During  the  latter  half  of  this 
period,  their  average  candle-power  is  often  not  more  than  60  or 
TO  %  of  the  initial  candle-power ;  and  the  watts  per  candle-power 
have  risen  from  3.1  or  3.5  to  5  or  6,  a  loss  of  30  or  40  %  in  actual 
light,  and  an  increase  in  cost  of  60  or  70  %  per  candle-power.  The 
obvious  conclusion  is  that  it  is  uneconomical  to  burn  lamps  more 
than  about  500  or  600  hours ;  and  it  would  be  a  positive  saving  if 
one  should  break  them  at  the  end  of  this  period  ;  in  fact,  this  limit 
has  been  aptly  called  the  "smashing-point  **  *  It  is  safe  to  say 
that  hundreds  of  thousands  of  dollars  are  wasted  annually  in  the 
world  by  not  observing  this  important  fact. 

A  further  exaggeration  of  this  bad  situation  arises  from  the 
common  tendency  to  supply  lamps  with  less  than  their  normal 
voltage.  A  deficiency  of  at  least  1  or  2  volts  is  the  rule  and  not 
the  exception,  and  it  often  amounts  to  4  or  6  volts.  This  custom 
is  the  result  of  attempting  to  prolong  the  life  of  lamps  as  much  as 
possible.  It  is,  however,  a  "penny-wise  and  pound-foolish"  prac- 
tice, since  the  lamp  itself  costs  about  20  cents,  while  the  energy 
that  it  consumes  costs  $3.00  during  a  normal  life  of  400  hours  at 
an  ordinary  price  of  .75  cent  per  16  candle-power  lamp-hour.  A 
lamp  using  3.1  watts  per  candle-power  at  normal  voltage  has  an 
average  life  of  400  hours.  If  this  lamp  were  burned  at  98  %  of 
normal  voltage  its  life  would  be  increased  to  584  hours,  but  its 

•  Electrica    World,  Dec.  24,  1892.  Trans,  Amer.  Inst.  Elec.  Eng.,  vol.  x.,  p.  65,  1893. 
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consumption  of  energy  is  raised  to  3.34  watts  per  candle-power  or 
7.4  %  more.  At  .75  cent  per  lamp-hour  and  for  584  hours'  life 
the  energy  costs  j$4.38,  on  which  an  increase  of  7.4%  amounts  to 
32  cents.  The  lamp  burns  584  —  400  =  184  hours  longer,  but 
this  effects  a  saving  of  only  (184-^400)  x  20=9  cents,  which  is 
.28  as  much  as  the  extra  cost  of  energy,  the  net  loss  being 
32  —  9  =  23  cents.  The  sole  advantage  gained  is  the  fact  that 
the  lamps  are  renewed  every  548  instead  of  400  hours,  but  this 
saving  is  only  a  small  fraction  of  a  cent  per  renewal. 

This  false  economy  is  almost  universal,  because  a  man  in  charge 
of  a  lighting-plant  notices  each  time  that. a  lamp  bums  out,  and 
considers  it  an  actual  loss  of  20  cents.  He  forgets  that  in  most 
cases  the  lamp  has  given  light  for  600  hours  or  more,  and  its  cost 
per  hour  of  service  is  only  20  -^  600  =  .03  cent  compared  with  .7 
cent  for  energy.  The  importance  of  the  latter  item  is  only  found 
by  calculations  based  upon  electrical  and  photometric  tests,  hence 
it  is  rarely  appreciated  by  the  ordinary  user. 

In  the  comparisons  made  above,  the  price  of  electrical  energy 
has  been  taken  at  the  rate  charged  by  central  stations,  which  varies 
from  .5  to  1  cent  per  hour  for  a  16  candle-power  lamp  consuming 
60  to  65  watts,  an  average  rate  being  .75  cent.  For  isolated 
plants,  in  which  the  energy  is  generated  on  the  spot,  its  cost  may 
be  only  .15  to  .25  cent  per  lamp-hour;  but  even  then  the  extra 
energy  required  at  98%  of  normal  voltage  is  one-fifth  to  one-third 
as  much  as  before,  or  32  -^-  5  to  32  -f-  3  =  6.4  to  10.7  cents  for  5^4 
hours,  compared  with  a  saving  in  lamps  of  9  cents.  Further- 
more the  price  of  lamps  may  be  less  than  20  cents.  It  is  custom- 
ary to  regard  the  rated  voltage  of  a  lamp  as  a  maximum  value 
never  to  be  exceeded,  consequently  the  inevitable  variations  that 
occur  produce  an  average  at  least  1  or  2  %  below  the  normal  pres- 
sure, and  often  it  is  4  or  5  %  too  low,  resulting  in  very  poor 
economy.  While  it  is  injurious  to  run  lamps  above  their  normal 
voltage,  nevertheless  the  average  pressure  should  equal  that  for 
which  they  are  rated,  and  the  regulation  (i.e.,  uniformity  of  voltage) 
should  be  good  enough  to  avoid  any  serious  shortening  of  life. 
Aside  from  any  direct  question  of  dollars  and  cents,  the  dissatisfac- 
tion and  the  depressing  effect  produced  by  running  lamps  beyond 
their  normal  life  or  below  their  rated  pressure  are  sufficient  reasons 
to  demand  very  careful  attention  to  this  point. 
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Approximate  Formula  for  Relations  between  Voltage,  Efficieficy, 
Life,  and  Candle-Power  may  be  used  within  a  limited  range  of 
about  5  %  above  or  below  the  normal  values,  which  is  enough  for 
any  practical  purpose.  Calling  V  the  voltage  supplied  at  the 
lamp  terminals,  C  the  current  in  amperes,  R  its  resistance  (hot) 
in  ohms  assumed  to  be  constant  within  the  range  named,  W  the 
power  in  watts  consumed  by  it,  D  its  candle-power,  A  the  so-called 
efficiency  in  watts  per  candle-power,  and  L  the  normal  life  or 
average  number  of  hours  to  reach  80  %  of  the  rated  candle-power, 
we  have : 

C=r-^i?(l)      J?  =  K-j-(7(2)      IV=V^'^R  =  C^R(2) 
C  QoF,  since  R  is  nearly  constant,  (4) 

^  00  F^  (X  C^  "        "         "  ''  (5) 

/?  00  r«  00  C«  00  W^     **        "         "  "  (7) 

111 

^  ^yvi^ ~rvs ^ ~iIno  '    Edison  3.1  Watt  Lamps,  p.  414,      (8) 

To  apply  the  above  expressions,  we  may  find  R  from  (2)  by 
measuring  V  and  C  with  volt-  and  ampere-meters  while  a  lamp  is 
burning.  From  (4)  we  know  that  a  certain  increase  or  decrease  in 
voltage,  say  2  %,  produces  the  same  change  in  the  current  and  (5) 
shows  that  the  watts  are  proportional  to  the  square  of  either  volt- 
age or  current.  From  (6)  we  find  that  a  lamp  consuming  3.1 
watts  per  candle-power,  at  rated  voltage,  requires  at  98  %  of  that 
voltage  3.1  -^  .98*  =  3.1  ^  .922*  =  3.36  watts  per  candle-power. 
This  agrees  closely  with  the  value  3.34  given  in  the  table  on  p.  414. 
From  (7)  its  candle-power  is  found  to  be  .98^  =  .886  of  the  normal 
compared  with  .89  in  the  table  and  from  (9)  its  life  is  1  ^  .982^  =1.5 
times  normal  compared  with  1.46  in  the  table.  These  formulae, 
as  already  stated,  are  merely  approximate,  and  do  not  apply  to 
individual  lamps,  but  they  bring  out  very  important  and  interesting 
facts  that  are  practically  true  when  a  number  of  results  are 
averaged. 

Special  Lamps Almost  innumerable  varieties  of  lamps   are 

made  for  different  purposes.  The  standard  voltages  are  50  to  60, 
100  to  120,  and  200  to  240  for  central  station  or  isolated  plant 
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lighting ;  but  many  others  between  and  below  these  limits  are  also 

adopted     Prominent  among  these  special  types  are  the  low-voltage 

lamps  for  use  with  storage  or  primary  batteries,  and  ranging  from 

3  to  12  volts.     In  the  larger  sizes  these  are  made  like 

the  standard  lamps ;  but  for  the  smaller  sizes  they 

are  given  special  forms,  as,  for  example,  the  bicycle 

lamp    in   Fig.  375,   giving  |   candle-power, 

,  ji         and  consuming  .5  ampere  at  4  volts.     The 

I  A        surgical   lamp,  shown   actual   size  in   Fig. 

H        376,   represents   one  of  the  very  smallest 

nq.s79,      forms,  requiring  3  volts  and  about  1  am- 

^'*^'  ^Zmj!"'*'*"'      T/ir      P^*"^'  ^^^  ^^^S  i  candle-power. 

Another  important  class  of  low-voltage 
lamps    includes    the  so-called  series  lamps.      They  are  used  in  a 
candelabra  or  sign  in  order  to  subdivide  the  light  and  also  simplify 
the  wiring.     They  may  be  connected  in  series  across  an  ordinary 
110  volt  or  other  constant  potential  circuit.     It 
is  necessary  that  the  members  of   each    scries 
should  be  designed  for  the  same  current  within 
.03  ampere.     The  lamps  may  differ  in  voltage, 
but  the  sum  of  the  voltages  in  any  series  must 
equal  that  of  the  circuit   within  3  volts.     The 
lamp  represented  full  size  in  Fig.  377  gives  1 
xxindle-power,  and  consumes  .83  ampere  at  12.5 
to  15  volts,  being  run  8  in  series  on  100  to  120  | 

volts.  ' 

Series    lamps   are    also    made    for   constant 
current  circuits  as  described  on  pp.  24,  25,  and 
in    Chapter    X.      I''or  a   10  ampere   series    arc     fig^^n.  Series  Lamp. 
circuit    they   require    about    J  volt    per   candle- 
power,  and  for  the  o  or  3.5   ampere  alternating  or  direct  current 
circuits  they  use  about  1  volt  i)cr  candle-power  ;  in  either  case  the 
filaments  are  mide  sufficiently  larj^e  to  carry  the  current. 

In  addition  to  the  many  different  vt^lta^es  for  which  lamps  are 
made,  several  different  sizes  are  supplied  for  each  voltage,  the 
standards  bein^  8,  10,  24,  82,  50,  and  100  candle-power,  but  others 
are  often  required.  Various  shapes  of  lam])s  are  manufactured 
for  special  purposes,  as,  for  example,  the  tubular  lamp  in  Fig.  869, 
and  some  ornamental   forms.      Finally  lamps  are  made   in  many 
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colors,  such  as  red,  blue,  green,  amber,  opal,  frosted,  etc.,  besides 
the  ordinary  clear  glass  bulbs.  The  result  is  that  the  total  number 
of  different  styles  of  lamp  that  are  made  is  many  thousand. 

Renewal  of  Filaments. — In  most  cases  when  a  lamp  burns  out  or 
is  reduced  in  candle-power  and  efficiency  below  the  economical  limit, 
it  is  the  filament  alone  that  is  worn  out.  The  bulb,  base,  leading-in 
wires,  etc.,  are  usually  intact  and  capable  of  being  used  again. 
The  renewal  of  the  filament  and  vacuum  is  now  carried  on  success- 
fully, the  process  being  as  follows :  A  hole  is  made  in  the  bulb  by 
removing  the  tip,  and  the  carbonaceous  deposit  on  the  inner  sur- 
face is  burned  off  by  the  application  of  heat  to  the  outside.  The 
old  filament  is  taken  out  through  the  aperture  in  the  bulb  and  a 
new  one  introduced,  being  then  connected  to  the  leading-in  wires 
by  a  pasted  joint  as  described  on  p.  398.  The  joint  is  set,  and  the 
gases  driven  off  by  a  blow-pipe  inserted  through  the  hole  in  the 
bulb.  A  tube  similar  to  L  M  on  p.  400  is  attached  to  the  bulb  at 
the  point  where  the  hole  was  made,  the  parts  being  fused  together, 
and  the  bulb  is  exhausted  and  hermetically  sealed  in  the  usual 
manner  as  described  on  p.  401.  The  brass  base  and  the  outer  sur- 
face of  the  bulb  are  also  cleaned  if  they  require  it,  and  the  lamp 
then  has  the  appearance  and  useful  qualities  of  a  new  one. 

The  so-called  stopper-lamps  are  easily  renewable,  since  the  inner 
part  (A  B  in  Fig.  349)  that  carries  the  filament  fits  into  the  bulb 
with  a  tapering  ground  joint  similar  to  that  of  a  glas.s  stopper  for 
a  bottle.  It  is  cemented  in  place  in  order  to  hold  it  and  also  make 
the  seal  more  nearly  air-tight.  This  type  is  more  expensive  to 
make  than  the  ordinary  lamp  with  fused  joints,  and  does  not  main- 
tain the  vacuum  so  well. 

<< Turning  Down"  Incandescent  Lamps.  —  It  is  often  urged  as 
an  objection  against  these  lamps  that  they  cannot  readily  be  made 
to  give  more  or  less  light,  as  in  the  case  of  gas  or  oil  lamps.  In 
the  majority  of  instances  when  the  latter  are  turned  down  it  is  to 
save  the  trouble  of  relighting  them,  which  does  not  apply  at  all  to 
the  incandescent  lamp.  Furthermore  the  light  of  the  last-named 
may  be  diminished  temporarily  or  permanently  in  several  ways. 
One  plan  is  to  substitute  a  lower  candle-power  lamp  in  the  same 
socket,  which  can  easily  be  done  in  a  few  seconds.  Another 
method  is  to  insert  resistance  or,  for  alternating  currents,  induct- 
ance in  the  circuit.     The  resistance  or  inductance  is  placed  in  a 
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special  socket  and  controlled  by  a  key.  A  third  arrangement  em- 
ploys two  filaments  which  are  connected  in  parallel  or  singly  for 
full  light  and  in  series  for  reduced  effect.  A  form  of  light  is  made 
in  which  a  16  and  a  1  candle-power  filament  are  put  in  the  same  bulb, 
and  either  may  be  lighted  by  turning  the  socket  slightly.  An  obvious 
way  to  dim  a  light  is  to  put  a  shade  or  a  less  translucent  globe 
around  it.  This  fails  to  save  any  energy  when  less  illumination  is 
required,  but  is  simple  and  effective.  A  combustible  shade,  such 
as  cloth,  paper,  or  wood,  should  never  be  put  in  contact  with  or  close 
around  a  lamp,  as  the  heat  will  accumulate  and  may  start  a  fire. 

Specifications  for  Lamps. —  In  buying  or  making  contracts 
for  any  considerable  quantity  of  lamps  it  is  customary  to  specify 
certain  requirements. 

The  initial  candle-power  at  the  rated  voltage  should  not  be 
more  than  9  %  above  or  below  the  value  called  for.  This  margin 
amounts  to  1.^  candle-power  for  a  16  candle-power  lamp,  as  shown 
in  Fig.  373,  the  "target"  (within  which  the  lamps,  must  hit) 
extending  from  14jto  17^  candle-power.  This  limit  applies  to  the 
individual  performance  of  every  lamp,  and  any  that  exceed  it  may 
be  rejected.  The  average  initial  candle-power  of  a  certain  lot  of 
lamps  should  be  within  G  ^o  ot  the  rated  value  (1  candle-power  for 
a  16  candle-power  lamp).  It  is  not  desirable  for  lamps  to  be 
either  above  or  below  their  rated  candle-power,  since  their  life  is 
shortened  in  the  former  case,  and  their  efficiency  reduced  in  the 
latter,  and  either  interferes  with  uniformity  of  results.  The  candle- 
power  is  usually  measured  when  the  lamp  is  mounted  vertically 
in  the  photometer  and  rotated  at  about  180  r.  p.  m.,  the  result 
being  the  mean  horizontal  candle-power.  The  relations  between  this 
and  the  mean  spherical  candle-power  and  candle-power  from  the  tip 
are  shown  in  Figs.  370-1.  As  already  stated,  the  mean  horizontal 
candle-power,  being  easily  measured,  and  the  one  by  which  candle, 
oil,  and  gas  lights  are  rated,  is  generally  adopted.  In  some  cases, 
it  is  specified  that  lamps  shall  not  give  less  than  7  candle-power 
from  the  tip.  The  unit  of  light  commonly  accepted  in  this 
country  is  the  British  "Parliamentary  Standard"  candle-power. 
From  this  as  a  primary  standard  a  number  of  incandescent  lamps 
are  carefully  rated,  and  serve  as  excellent  secondary  standards, 
being  burned  only  a  minute  or  so  at  a  time  to  check  other  incan- 
descent lamps  that  are  used  as  working  standards. 
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Life  of  Lamps, —  Since  all  of  the  above  statements  refer  to 
initial  candle-power,  it  is  necessary  to  specify  the  useful  life  of  a 
lamp,  or  the  time  it  will  bum  before  falling  to  a  certain  candle- 
power,  usually  80  %  of  the  initial  candle-power.  For  lamps  having 
an  initial  efficiency  of  3.1  watts  per  candle-power,  the  useful  life  is 
about  400  to  450  hours.  At  3.5  watts  it  is  about  800,  and  at  4 
watts  about  1600  hours. 

Candle-hours  —  The  true  measure  of  a  lamp's  value  is  the 
product  of  its  useful  life  in  hours  and  its  average  candle-power 
dunng  that  time.  The  latter  is  usually  about  90  %  of  the  initial, 
hence  a  3.1  watt  16  candle-power  lamp  should  give  at  least  400  x 
16  X  .90=5760  candle-hours. 

Efficiency,  —  The  number  of  watts  consumed  per  candle-power 
is  another  important  point  in  lamp  specifications.  It  refers  usually 
to  initial  values,  the  specified  useful  life  being  a  check  upon  the 
fall  in  candle-power  and  indirectly  upon  the  efficiency.  The 
standard  efficiencies  are  3.1,  3.5,  and  4  watts  per  candle-power. 
Each  lamp  at  rated  voltage  should  take  within  6  %  of  the  watts 
specified,  and  the  average  for  a  large  number  should  be  within  4  % 
of  the  specified  figure.  If  the  efficiency  is  high  (i.e.,  small  con- 
sumption of  power)  the  life  is  shortened,  and  vice  versa,  a  fair 
compromise  being  adopted  in  practice,  as  explained  on  pp.  415 
and  418.  If  the  cost  of  energy  is  low,  ^s  for  example  in  some 
water-power  plants,  a  lower  efficiency  lamp  may  be  used,  but  it  is 
seldom  economical  to  use  4  instead  of  3.5  watt  lamps.  The  useful 
life  of  the  former  is  about  1600  hours  compared  with  800  for  the 
latter,  which  would  save  one  lamp  costing  about  20  cents  every 
1600  hours.  The  energy  consumed  in  1600  hours  costs  1  to  J  cent 
per  lamp-hour  at  ordinary  central  station  rates,  or  18  to  $12 ;  and 
a  3.5-watt  lamp  would  use  one-eighth  less  energy  than  a  4-watt 
lamp,  the  saving  being  $1  to  $1.50,  which  is  5  to  1\  times  the  cost 
of  a  lamp.  Isolated  electric-lighting  plants  in  hotels,  factories, 
etc.,  involve  very  little  extra  expense  for  engineers  and  other 
labor,  or  for  coal  when  the  exhaust  steam  is  used  for  heating ; 
hence  the  electrical  energy  may  be  produced  at  /1 6  to  .25  cent  per 
lamp-hour.  For  1600  hours  it  amounts  to  $2.40  to  $4.00,  and 
one-eighth  of  this  is  30  to  50  cents,  which  is  also  greater  than  the 
cost  of  a  lamp,  so  that  even  then  4-watt  lamps  are  less  economical 
than  those  using  3.5-watts  per  candle-power.     It  may  happen  that 
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lamps  are  located  in  some  inaccessible  place,  such  as  the  ceiling  of 
a  large  hall  or  railway  station,  and  in  that  case  it  might  be  better 
to  use  the  long-lived  4-watt  lamps  to  save  the  trouble  of  frequent 
renewals.  Where  the  regulation  is  poor  {i.e.,  voltage  varies  con- 
siderably) the  life  is  shortened,  and  it  may  be  desirable  to  use  4- 
watt  lamps. 

Bulbs  and  Bases.  —  The  former  are  specified  to  be  uniform  in 
size  and  of  best  quality  glass,  clean  and  free  from  flaws  or  blem- 
ishes. The  metallic  parts  of  the  base  should  be  of  good  quality 
brass,  uniformly  and  accurately  fitted  to  the  bulb  so  as  to  be  im- 
pervious to  moisture.  When  placed  in  the  socket  no  live  metallic 
part  (i.e.,  connected  to  the  circuit)  should  be  exposed. 

Vacuum.  — All  lamps  must  have  a  practically  perfect  vacuum, 
and  show  no  glow  when  tested  with  an  induction  coil  giving  a  half- 
inch  spark. 

For  further  information  regarding  Incandescent  Lamps,  refer- 
ence may  be  made  to  the  following :  — 

The  Incandescent  Lamp  and  Its  ManufacturCy  by  Gilbert  S. 
Ram,  pp.  218,  London,  1893. 

A  Life  and  Efficiency  Test  of  Incandescent  Lamps y  by  Pro- 
fessor B.  F.  Thomas  and  Messrs.  Martin  and  Hassler,  Transactions 
of  the  American  Institute  of  Electrical  Engineers^  vol.  ix.,  p.  271, 
1892. 

The  Most  Economical  Age  of  Incandescent  Lamps,  by  Carl 
Hering,  ibid,,  vol.  x.,  p.  65,  1893. 

Conductivity  of  Incandescent  Carbon  Filaments  and  of  the  Space 
Surrounding  Them,  by  John  W.  Howell,  ibid,,  vol.  xiv.,  p.  27, 
1897. 

The  Incandescent  Lamp  (Manufacture),  by  Manning  K.  Eyre, 
The  Electrical  World,  Jan.  5,  1895. 

Incandescent  Lamps,  by  Francis  W.  Willcox,  Journal  of  tlie 
Franklin  Institute,  April,  1900. 
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CHAPTER    XVIII. 

LABffPS  NOT  EMPL07INO  CARBON. 

All  forms  of  electric  lamp  in  successful  use  prior  to  1900 
employed  carbon  as  the  light-giving  body.  This  applies  to  arc 
lamps,  which  in  all  cases  are  provided  with  carbon  electrodes,  and 
to  incandescent  lamps,  which  employ  carbon  filaments.  There 
are,  however,  two  other  interesting  classes  of  lamps  which  do  not 
use  carbon  :  one  includes  the  so-called  vacuum  tubes,  in  which  all 
the  light  is  emitted  by  a  gas  or  vapor ;  and  the  other  comprises 
incandescent  lamps,  in  which  the  filament  is  composed  of  some 
material  other  than  carbon,  the  Nemst  lamp  being  a  prominent 
example.  The  use  of  vacuum  tubes  as  sources  of  light  is  a  very 
old  idea,  bejng  described  by  Hauksbee  in  a  treatise  published 
about  two  hundred  years  ago.*  He  employed  glass  vessels  con- 
taining rarefied  air,  made  luminous  by  frictional  electricity,  and  to 
quote  his  own  words,  the  light  was  "so  great  that  large  print, 
without  much  difficulty,  could  be  read  by  it.** 

Similar,  but  not  much  more  successful,  attempts  have  been 
made  repeatedly  during  the  succeeding  two  centuries.  The  devel- 
opment of  the  Geissler  and  other  improved  forms  of  vacuum 
tube,  and  of  the  induction  coil,  during  the  past  fifty  years  or  more, 
has  facilitated  and  encouraged  such  investigations. 

Mr.  Nikola  Tesla,  in  a  paper  on  "Experiments  with  Alternate 
Currents  of  Very  High  Frequency  and  Their  Application  to 
Methods  of  Artificial  Illumination,**  f  gave  prominence  to  this 
subject,  and  has  since  investigated  and  written  further  in  con- 
nection with  it,  but  has  not  yet  advanced  beyond  the  experimental 
stage.  A  paper  on  "Recent  Developments  in  Vacuum  Tube 
Lighting,"  %  by  Mr.   D.  McF'arlan  Moore,  describes  the  methods 

*  Physico  mechanical  Experiments^  etc.,  London,  170Q. 

t    Transact.  Amer.  Inst,  Elec.  En^.,  vol.  viii.,  p.  267,  May,  1891. 

}    Jbid.,  vol.  xiii.,  p.  86,  April,  181)0. 
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employed  and  results  obtained  by  him.  In  his  laboratory  and  at 
the  New  York  Electrical  Exhibition  of  1896  he  showed  a  room 
of  considerable  size  lighted  fairly  well  in  this  way,  but  no  com- 
mercial applications  have  yet  been  made.  In  another  series  of 
investigations,  Mr.  Cooper  Hewitt  of  New  York  City  has  suc- 
ceeded in  making  a  vacuum  tube  lamp  of  several  hundred  candle- 
power,  and  having  a  very  high  efficiency  of  about  \  watt  per  candle- 
power  ;  but  these  very  promising  results  have  not  been  published, 
and  his  methods  up  to  the  present  time  have  not  been  applied 
commercially. 

The  chief  advantages  to  be  expected  from  vacuum  tube  lamps 
are  high  efficiency,  long  life,  and  distribution  of  light.  The  last 
is  due  to  the  large  volume  from  which  the  light  is  given  off ;  for 
example,  a  tube  one  foot  long  and  an  inch  in  diameter,  or  even 
larger,  is  luminous  throughout.  In  the  ordinary  incandescent 
lamp  the  light  is  emitted  from  a  filament  six  to  ten  inches  long 
and  a  few  thousandths  of  an  inch  in  diameter.  This  is  practically 
a  line,  and  produces  too  sharp  an  image  upon  the  retina,  as  shown 
by  the  fact  that  it  persists  after  the  eye  is  shut  or  turned  away 
from  the  light. 

The  vacuum  tube  should  have  a  long  life,  since  the  light- 
giving  body  being  a  gas,  and  not  a  solid,  is  not  worn  away.  On 
the  other  hand,  the  degree  of  vacuum  may  rise  or  fall  owing  to 
absorption  of  the  gas  or  leakage  of  air,  in  either  case  changing 
the  resistance  of  the  tube  and  interfering  with  constancy  of  action. 
The  high  efficiency  of  a  vacuum  tube  results  from  the  fact  that  a 
gas  or  vapor  may  be  raised  to  a  much  higher  temperature  than 
a  solid.  The  consequence  is,  the  quantity  of  light  emitted  is 
increased  in  comparison  with  the  emission  of  heat.  In  fact,  such 
sources  are  often  said  to  give  "light  without  heat,"  but  in  most 
cases  heat  is  given  off  with  the  light.  Nevertheless,  it  is  true 
that  a  glow-worm,  for  example,  or  some  phosphorescent  body, 
.  radiates  a  large  part  of  its  energy  within  the  visible  spectrum, 
the  proportion  of  the  longer,  non-visible  waves,  called  radiant  heat, 
being  far  less  than  with  ordinary  sources  of  light. 

There  appears  to  be  a  discrepancy  between  the  statements  that 
the  temperature  in  a  vacuum  tube  is  high,  and  yet  the  heat  given 
off  is  small,  but  these  are  easily  reconciled.  If  a  110-volt,  16 
candle-power  lamp  is  supplied  with  about  125  volts,  it  will   give 
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32  candle-power.  The  power  consumed  is  increased  in  about  the 
ratio  1102  .  1252  =  12100  :  15625,  or  about  30  per  cent,  as  shown 
on  page  421.  Hence  the  rate  of  the  total  emission  of  energy  is 
raised  30  per  cent,  but  the  light  emitted  is  doubled.  Thus  the 
quantity  of  heat  for  the  same  amount  of  light  would  be  only 
130  -!-  2  =  65  per  cent  as  great  as  before.  By  carrying  this  still 
further,  the  proportion  of  heat  to  light  can  be  reduced  very  greatly, 
and  what  is  called  "  light  without  heat  '*  may  be  produced.  It  is 
also  a  fact  that  the  temperature  of  the  filament  is  increased  at  the 
same  time,  but  in  order  to  give  the  same  candle-power  its  mass 
may  be  diminished.  This  applies  exactly  to  a  vacuum  tube  lamp 
in  which  the  mass  is  very  small,  but  the  temperature  of  the  indi- 
vidual particles  is  raised  to  a  high  point  by  the  passage  of  electric 
current  or  discharge.  It  is  possible  that  the  electrical  effect  upon 
the  atoms  or  ions  may  be  somewhat  different  from  what  is  ordi- 
narily called  high  temperature ;  but  it  amounts  to  the  same  thing, 
since  high  rates  of  vibration  or  short  wave  lengths  are  produced. 

In  the  experiments  of  Tesla,  luminous  discharges  were  created 
in  vacuum  tubes  or  even  in  the  open  air  by  a  high  frequency 
generator  (10,000  to  20,000  periods  per  second)  connected  to  the 
primary  of  an  induction  coil,  the  secondary  of  which  gave  very 
high  voltage.  He  also  employed  a  form  of  induction  coil  in  the 
primary  of  which  electrical  oscillations  are  set  up  by  sudden 
breaking  of  the  circuit,  producing  a  much  higher  frequency 
(100,000  or  more  periods  per  second),  and  therefore  giving  an 
extremely  high  voltage  with  only  a  few  turns  of  wire.  In  this 
way  vacuum  tubes  were  made  to  glow  by  holding  them  near  the 
terminals,  but  without  any  electrical  connection  to  them.  Such 
forms  of  apf)aratus  are  hardly  suitable  for  practical  use,  and  they 
involve  considerable  losses  from  leakage. 

Moore  employed  induction  tubes  with  connections  made  to 
them  in  the  usual  manner  and  operating  at  comparatively  low 
voltage  obtained  from  a  self-induction  coil  with  an  electromagnetic 
make-and-break  in  the  circuit.  The  latter  was  placed  in  a  vacuum 
in  order  to  give  a  sudden  break  and  to  avoid  burning  the  contact 
points,  but  even  with  this  precaution  such  a  device  is  likely  to  give 
trouble.  The  Wehnheldt  interrupter  may  be  substituted,  but  it 
is  doubtful  if  any  form  of  break  yet  devised  can  be  relied  upon  to 
act  for  the  long  periods  of  time  demanded  in  lighting  service. 
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The  tubes  developed  by  Hewitt  are  of  sufficiently  low  resist- 
ance to  operate  at  ordinary  pressures.  They  may  be  connected 
directly  to  the  present  110-volt  circuits  without  requiring  any 
step-up  transformer  or  make-and-break  device,  which  is  a  great 
advantage  from  the  practical  standpoint.  Unfortunately  it  requires 
about  1000  volts  to  start  the  discharge,  after  which  it  is  maintained 
by  110  volts. 

The  Nemst  Lamp.  —  The  type  of  lamp  invented  by  Professor 
Nernst  *  of  Gottingen,  employs,  in  place  of  the  long  carbon  fila- 
ment of  the  ordinary  incandescent  lamp,  a  shorter  "  strip  of  mate- 
rial which  is  an  insulator  at  ordinary  temperatures,  but  becomes  a 
good  conductor  and  luminant  at  high  temperatures."  Usually  it  is 
composed  of  a  mixture  of  metallic  oxides,  such  as  magnesia,  yttria, 
zirconia,  thoria,  or  ceria.  Another  feature  of  the  Nernst  lamp  is 
the  fact  that  the  incandescent  material  is  not  burned  by  exposure 
to  the  air,  consequently  it  need  not  be  inclosed  in  a  vacuum. 

Since  the  filament  does  not  become  a  conductor  until  heated, 
some  means  must  be  provided  to  raise  its  temperature  so  that  the 

current  may  flow  through  it.  Two 
methods  are  employed,  one  consisting 
simply  in  applying  the  flame  of  a 
match  or  alcohol  lamp  directly  to  the 
filament  after  it  is  connected  to  the 
circuit.  When  its  temperature  is  raised 
raifficiently  the  current  passes  through 
it,  bringing  it  up  to  and  maintaining 
it  at  a  white  heat.  The  other  method 
is  automatic,  the  current  being  passed 
through  a  spiral  HH  which  surrounds 
the  filament  F  (Fig.  378),  and  heats 
it  until  the  current  flows  through  it. 
This  causes  the  magnet  M  in  series  with  F  to  attract  its  arma- 
ture A  and  break  contact  with  the  screw  /*,  thus  disconnecting 
the  heating  spiral  H  H  which  is  in  parallel  with  the  filament  F, 
When  the  lamp  is  turned  out  by  opening  the  circuit,  the  spring 
^^  brings  the  armature  A  back  into  contact  with  the  screw  P,  and 
tlie  automatic  device  is  ready  to  act  again.  The  heating  device 
HH  is  of  porcelain,  which,  before  being  baked,  is  wound  with  a 

*  U.  S.  Patent  No.  623,811,  April  25, 1896. 


Fig.  378.    Automatic  Nernst  Lamp. 
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great  many  turns  of  fine  platinum  wire.  During  the  baking  this 
wire  becomes  embedded  in  the  porcelain,  and  is  thus  held  firmly, 
only  the  outer  surface  being  visible.  The  resistance  R  consists 
of  iron  wire  placed  in  series  with  the  filament  /%  so  that  the 
increase  in  resistance  of  the  former  compensates  for  the  decreasing 
resistance  of  the  latter,  when  the  temperature  rises. 

The  non-automatic  lamp  is  provided  with  an  open  globe  to 
permit  lighting  by  a  match ;  and  the  automatic  form  is  contained 
in  a  closed  globe,  but  it  need  not  be  air-tight.  These  lamps  may 
be  connected  in  parallel  to  the  ordinary  110  or  220  volt  circuits, 
and  are  claimed  to  have  a  high  efficiency  of  1.5  to  1.75  watts  per 
candle-power,  being  one-half  the  power  required  by  a  carbon  fila- 
ment giving  the  same  light.  On  the  other  hand  the  life  is  shorter, 
the  average  being  about  200  to  300  hours,  after  which  the  filament 
loses  its  strength  and  increases  in  resistance.  This,  however,  is  the 
only  part  that  is  used  up,  and  may  be  readily  renewed,  since  the 
lamp  is  not  hermetically  sealed.  The  light  is  whiter  than  that  of 
ordinary  incandescent  lamps,  and  the  filament  being  much  shorter, 
and  giving  25,  50,  or  100  candle-power,  produces  a  dazzling  effect 
on  the  eye  unless  a  ground  glass  or  equivalent  globe  is  used.  At 
the  Paris  Exposition  of  1900  the  Allgemeine  Elektricitats  Gesell- 
schaft  of  Berlin  exhibited  a  room  brilliantly  illuminated  by  Nernst 
lamps,  being  the  first  important  public  application. 
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CHAPTER   XIX. 

BflETBRS. 

The  general  name  meter  may  be  applied  to  any  device  for 
measuring  electrical  quantities,  and  we  have  many  forms  of  ampere- 
meter, voltmeter,  wattmeter,  etc.  Ordinarily,  however,  the  term 
meter  or  electric  meter,  unless  combined  with  another  word,  means 
an  instrument  to  record^  register,  or  integrate  current  in  ampere- 
hours  or  energy  in  watt-hours.  They  are  commonly  used  in 
stations  or  in  the  service  connections  of  the  various  consumers  to 
take  account  of  the  amount  of  current  or  energy  supplied. 

Classification  of  Meters.  —  Various  electrical  effects  have  been 
utilized  in  connection  with  meters,  and  the  latter  may  be  classified 
from  that  point  of  view,  as  follows  : 

Principle  of  action.  Example. 

Electrochemical  effects.     .  .  Edison  meter. 

Electrical  heating  effects.  .  .  Forbes  meter. 

Electromagnetic  effects      .  .  American  ( Marks )  meter. 

Electrodynamic  effects.      .  .  Thomson  meter. 

Alternating  current  effects  Shallenberger  meter. 

Qualities  Required  in  Meters.  —  Few  devices  are  called  upon 
to  fulfill  so  many  and  such  difficult  conditions  as  those  under 
which  an  electric  meter  is  likely  to  work.  For  this  reason  its  de- 
velopment has  been  one  of  the  most  serious  problems  that  elec- 
trical engineers  have  had  to  solve.  The  chief  qualities  that  are 
required  or  desired  in  meters  are  the  following : 

1.  Accuracy,  Under  any  reasonable  conditions  a  meter  should 
be  at  least  commercially  accurate,  that  is,  its  errors  should  not  ex- 
ceed 2  or  3  per  cent. 

2.  Range,  A  meter  should  measure  with  commercial  accu- 
racy for  any  load  from  the  maximum  down  to  the  smallest 
that  may  exist.      This  is  probably  the  most   difficult  condition 


Digitized  by  VjOOQIC 


METERS.  433 

to  meet.  For  example,  a  meter  that  will  record  correctly  for 
lOO  lamps  is  not  generally  capable  of  acting  at  all  when  only 
one  lamp  is  burning.  Even  if  it  takes  some  account  of  a  single 
lamp,  the  record  would  be  very  inaccurate.  To  be  sure,  a  certain 
percentage  of  error  with  a  few  lamps  is  less  serious  than  for  many, 
but  it  often  happens  that  a  small  number  may  burn  nearly  all 
the  time,  in  which  case  the  aggregate  error  becomes  large. 

3.  Consumption  of  Energy,  Practically  all  forms  of  meter 
consume  some  energy,  and  if  this  loss  goes  on  continually  in  a 
great  many  of  them  it  may  amount  to  a  large  item  in  the  course 
of  a  year.  Hence  a  meter  should  waste  less  than  one  per  cent  of 
the  energy  that  it  measures,  and  this  loss  should  decrease  some- 
what in  proportion  to  the  load,  which  is  usually  the  case. 

4.  Drop  in  Voltage,  Besides  the  mere  consumption  of  power, 
it  is  even  more  objectionable  to  have  a  drop  in  voltage  on  a  con- 
stant potential  system,  especially  for  incandescent  lighting.  If 
the  current  C  passes  through  any  resistance  R  a  drop  C  R  is  pro- 
duced, hence  the  resistance  introduced  into  the  circuit  by  the 
meter  should  be  as  small  as  possible,  so  that  the  drop  at  full  load 
shall  not  exceed  \  per  cent  of  the  working  voltage.  In  a  watt- 
meter the  series  resistance  produces  such  a  drop  as  well  as  loss  of 
energy,  but  the  shunt  coil  merely  uses  a  very  small  portion  of  the 
current,  which  is  less  objectionable. 

5.  Durability,  It  is  very  important  that  none  of  the  parts 
should  be  likely  to  wear  rapidly  or  get  out  of  order. 

6..  Attention.  The  care  and  attention  required  should  be  small, 
and  frequent  inspection  or  testing  unnecessary. 

7.  Registration,  The  meter  should  record  or  register  in  a 
clear  manner,  so  that  the  consumer  can  read  it  at  any  time  and 
check  its  accuracy. 

8.  Testing,  It  should  be  an  easy  matter  to  test  the  meter 
and  verify  it. 

9.  Cheating,  The  meter  should  be  so  constructed  and  pro- 
tected that  it  is  not  liable  to  be  tampered  with  in  order  to  change 
its  reading. 

10.  Cost.  The  price  should  be  sufficiently  low,  so  that  a  large 
deposit  or  rental  need  not  be  charged. 

11.  Alternating  and  Direct  Currents,  It  is  desirable  that  a 
meter  may  be  used  for  either  kind  of  current ;  but  it  is  generally 
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bought  for  one  or  the  other,  and  this  point  is  not  so  very  impor- 
tant. 

12.  Frequency,  It  is  desirable  also  that  variations  in  fre- 
quency should  have  no  effect ;  but  the  latter  being  fixed  in  most 
cases,  it  is  sufficient  to  adjust  for  it  in  the  first  piece. 

13.  Portability.  A  meter  should  be  strong  enough  so  with 
moderate  care  it  may  be  carried  about  without  injury. 

It  cannot  be  expected  that  any  meter  will  fulfill  all  of  the 
above  conditions,  but  there  are  several  types  in  use  which  do  so 
reasonably  well. 

Methods  of  Charging  for  Electrical  Energy.  —  If  the  demand 
upon  an  electrical  generating  plant  were  uniform  at  all  times,  a 
simple  charge  of  a  certain  rate  per  k.  w.  hour  would  be  sufficient, 
possibly  giving  the  larger  consumers  a  lower  rate,  as  is  customary 
in  other  branches  of  business.  In  electric  lighting,  however,  the 
demand  varies  widely  at  different  hours  of  the  day  and  night, 
which  introduces  serious  difficulties  in  technical  as  well  as  business 
management.  For  example,  the  load  between  5  and  6  p.m.  in 
winter  may  be  many  times  the  average  load.  It  is  customary  to 
call  the  ratio  of  the  average  load  to  the  maximum  the  "  load  factor." 
This  is  often  as  low  as  10  %  and  is  rarely  higher  than  25  % 
in  electric  lighting.  The  use  of  energy  for  motors,  heaters,  etc., 
tends  to  make  the  demand  more  uniform,  and  therefore  raises  the 
load  factor.  It  is  evident  that  the  capacity  of  machinery,  etc.,  in 
an  electric  lighting  plant  must  be  somewhat  greater  than  the 
maximum  demand,  in  order  to  give  a  margin  in  case  of  break- 
down of  part  of  the  apparatus.  Hence  an  increase  in  the  load  at 
its  maximum  point  requires  a  corresponding  increase  in  capacity. 
On  the  other  hand,  the  demand  upon  the  system  during  hours  in 
the  day  when  the  load  is  light  can  be  taken  care  of  without  any 
increase  in  plant.  In  other  words  the  station  can  afford  to  sell 
energy  at  a  much  lower  rate  during  those  hours.  A  striking 
illustration  of  the  importance  of  this  point  is  the  fact  that  about 
one-quarter  of  the  generating  machinery  in  electric  lighting 
stations  is  used  only  50  to  100  hours  per  year,  and  may  be  prac- 
tically idle  during  all  the  rest  of  the  time.  These  hours  are 
usually  between  5  and  7  p.m.  during  December  and  January. 
It  is  quite  evident  that  this  machinery  cannot  possibly  earn  its 
interest  and  depreciation  charge  durings  these  few  hours  at  ordi- 
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nary  rates.  It  is  necessary,  however,  to  install  it  in  order  that 
the  business  may  be  held  for  the  rest  of  the  year.  Various 
attempts  have  been  made  to  take  account  of  these  points  in 
charging  for  energy,  and  also  to  encourage  its  use  at  those  hours 
when  it  can  be  delivered  more  economically.  The  several  plans 
for  selling  electrical  energy,  some  of  which  take  account  of  these 
conditions,  are  as  follows  :  — 

METHODS  OF  CHASaHTG  FOR  EliEOTSICAIi  ENEBOT. 

1st,  Contract  to  supply  a  certain  number  of  lamps   at  a  fixed  price  per  months 

whether  they  are  used  or  not. 
2d,  MeUr  with  "  flat "  (i.e.,  uniform)  rate. 
8d,  Meter  taking  account  of  maximum  demand. 

4th,  Meter ^  with  two  or  more  rates  of  charge  for  different  periods  of  the  day. 
6th,  Fixed  charge  for  energy  p/us  a  graded  charge  for  the  maximum  capacity. 
6th,  Prepayment  meter^  which  only  allows  energy  to  be  delivered  for  a  certain 

coin  deposited. 

The  contract  system  of  charging  a  fixed  amount  for  a  certain 
number  of  lamps  was  commonly  adopted  in  the  early  days  of 
electric  lighting,  except  in  Edison  systems  using  the  chemical 
meter.  For  street  lighting,  and  other  service  requiring  lights  for 
a  definite  time,  this  system  is  satisfactory,  but  for  residence  light- 
ing it  is  quite  unsatisfactory,  because  the  consumer  is  likely  to  burn 
the  lamps  for  the  full  time  when  they  are  not  needed.  This  wastes 
a  large  amount  of  energy,  which  must  ultimately  be  paid  for  by  the 
users.  In  such  cases,  and  in  fact  for  general  use,  some  form  of 
meter  should  be  adopted.  The  common  plan  is  to  charge  a  cer- 
tain price  per  lamp-hour  or  k.  w.  hour,  which  is  graded  according 
to  the  amount  used.  For  example,  a  common  practice  is  to 
charge  one  cent  per  lamp-hour,  if  the  consumption  is  equivalent 
to  the  full  number  of  lamps  burning  for  one  hour  per  day ;  \  cent 
if  equivalent  to  two  hours,  and  so  on.  This  accomplishes  its  pur- 
pose fairly  well,  but  fails,  however,  to  take  into  account  the  par- 
ticular time  at  which  the  lamps  are  burned.  The  latter  point  may 
be  covered  by  using  a  two-rate  meter,  which  separates  the  energy 
consumed  during  certain  hours  from  that  used  during  the  rest  of 
the  time,  a  higher  rate  being  charged  for  the  former.  One  way 
of  accomplishing  this  is  to  use  two  separate  meters  which  are 
switched  in  or  out  of  the  circuit  by  clock-work.  Another  plan  is 
to  cause  the  meter  to  run  faster  during  the  time  that  a  higher 
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charge  is  to  be  made,  thus  arriving  at  the  same  result.  The 
prepayment  meter  is  not  intended  to  accomplish  any  of  these 
ends,  but  is  simply  to  avoid  the  necessity  for  giving  credit. 

The  arbitrary  method  of  charging  a  certain  price  per  unit  for 
one  quantity,  and  i  as  much  for  a  greater  quantity,  is  objection- 
able, because  it  leads  to  the  absurd  result  that  one  may  reduce  the 
amount  of  his  bill  by  using  a  little  more  current.  The  sliding- 
scale,  in  which  the  reduction  is  a  certain  percentage  of  the  amount 
used,  would  avoid  this  difficulty.  It  might  not  be  quite  so  easily 
understood  as  a  certain  price  per  lamp-hour,  but  customers  would 
soon  understand  this  plan.  It  would  seem  to  be  practically  im- 
possible to  make  a  perfectly  fair  arrangement  between  producers 
and  consumers ;  but  a  reasonable  approximation  can  be  reached, 
which  is  close  enough  for  ordinary  business  purposes. 

The  Edison  Chemical  Meter  was  the  first  successful  type,  and 
many  thousands  of  them  were  in  regular  and  satisfactory  service 
for  a  number  of  years.  For  reasons,  given  later,  they  have  been 
replaced  by  other  forms  operating  mechanically.  In  principle,  this 
meter  is  based  upon  Faraday's  law,  according  to  which  the  amount 
of  electrochemical  action,  for  example,  the  weight  of  metal  de- 
posited or  dissolved  in  an  electrolytic  cell,  is  directly  proportional 
to  the  current,  the  chemical  equivalent,  and  the  time.  The 
ampere,  as  legalized  in  all  important  countries,  being  defined  in 
terms  of  the  weight  of  silver  deposited,  this  principle  is  funda- 
mentally correct.  For  reasons  of  cheapness  and  as  a  result  of 
numerous  experiments,  Edison  adopted  zinc  as  the  best  metal  for 
the  purpose. 

The  meter  consists  of  a  cell  C,  containing  a  solution  of  zinc 
sulphate  having  a  density  of  1.11,  in  which  two  zinc  electrodes, 
A  and  B^  are  immersed.  These  are  kept  parallel  and  at  a  fixed 
distance  apart  by  hard-rubber  bolts.  Connection  is  made  to  them 
by  copper  rods  inserted  in  their  upper  ends,  as  indicated.  In  one 
of  the  main  conductors,  +  or  —  which  supply  the  lamps  Z,  whose 
current  is  to  be  measured,  a  german-silver  shunt  5  is  introduced, 
having  a  certain  resistance  that  is  practically  constant  for  ordinary 
temperature  changes. 

The  electrolyte  in  the  cell  has  a  certain  resistance,  which 
decreases  with  rise  of  temperature  ;  and  in  series  with  it  is  a  coil 
R  of  copper  wire  whose  resistance  increases  with  temperature,  the 
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two  being  proportioned  so  that  they  compensate  each  other  and 
keep  the  resistance  of  the  cell  circuit  almost  perfectly  constant  for 
ordinary  changes  in  temperature.  The  resistance  of  the  coil  A'  is 
about  4  times  that  of  the  bottle,  and  the  two  together  have  many 
times  the  resistance  of  the  shimt  5,  so  that  a  certain  small  fraction 
of  the  total  current  passes  through  the  cell,  dissolving  zinc  from  the 
anode  A  and  depositing  it  upon  the  cathode  C.  Once  each 
month  the  electrodes  are  removed  from  the  cell,  being  replaced  by 
others,  and  the  loss  in  weight  of  the  anode  is  carefully  weighed 
by  a  chemical  balance.  This  loss  in  grams  multiplied  by  the  ratio 
of  resistances  of  the  two  branches  of  the  circuit  and  divided  by 
.000337,  the  electrochemical  equivalent  of  zinc,  gives  the  total 
number  of  ampere-seconds  during  the  month. 

The  possible  sources  of  error  are  due  to  temperature  changes, 
which  are  almost  perfectly  compensated  in  the  cell  circuit  as 
already  explained,  and  only  vary  the 
shunt  5  about  J  per  cent  for  15°C 
above  or  below  the  normal.     The  cell    +  dVvWu 

has  a  certain  counter  E.M.F.  of  .001 
to  .003  volt,  which  introduces  an  error 
at  loads  less  than  3  per  cent  of  the 
maximum.  Oxidation  of  the  plates 
also  occurs  and  is  allowed  for,  other- 
wise the  loss  in  weight  would  appear 
too  low.  The  drop  produced  in  the 
main  circuit  is  small  even  at  full  load,  being  only  about  i  %. 

With  reasonable  care  this  meter  is  fairly  accurate;  but  the 
trouble  of  collecting  and  weighing  the  plates,  and  the  fact  that  the 
consumer  cannot  read  the  record  himself,  has  lead  to  the  substi- 
tution of  more  convenient  forms. 

Thomson  Recording  Wattmeter.  —  This  type,  developed  by 
Professor  Elihu  Thomson,  and  used  in  very  large  numbers  in  this 
country  and  abroad,  is  essentially  an  electric  motor.  The  general 
appearance  of  the  standard  two-wire  form  for  direct  or  alternating 
currents  is  shown  in  Fig.  380,  and  the  connections  in  Fig.  881. 
The  field  magnet  of  the  motor  consists  of  two  stationary  coils  of 
heavy  wire  directly  in  series  with  one  of  the  main  supply  con- 
ductors, so  that  the  entire  current  to  be  measured  passes  through 
them.      An  armature  provided  with  a  winding  of  many  turns  of 


Fig,  879,    Edison  ChsmioahMsttr. 


Digitized  by  VjOOQIC 


4o8  ELECTKJC  LJGIJTIXG. 

fine  wire  and  having  a  resistance  in  series  with  it  is  connected 
across  the  circuit  between  the  main  conductors,  and  is  mounted 
to  rotate  on  a  vertical  axis  between  the  two  field  coils.  The 
armature  is  equipped  with  a  miniature  silver  commutator  and  with 
brushes  similar  to  those  of  a  direct  current  motor,  but,  like  the 
field  coils,  does  not  contain  any  iron  core.  Since  the  magnetic 
circuit  passes  through  air  and  other  non-magnetic  materials,  the 
flux  through  the  armature,  though  small,  is  directly  proportional 
to  the  main  current.     The  armature  circuit  having  a  constant  high 


Fig.  380.     fhomson  Recording  Wattmeter. 

resistance  connected  across  the  two  supply  conductors,  takes  a 
current  exactly  proportional  to  the  voltage  between  them.  Hence 
the  torque  of  the  motor  is  in  proportion  to  the  product  of 
these  two  currents  or  to  the  number  of  watts  supplied  at  any 
instant.  A  copper  disc  mounted  upon  the  shaft  of  the  motor 
revolves  between  the  poles  of  permanent  magnets,  as  shown  in 
Fig.  380,  and  acts  as  a  brake,  owing  to  the  Foucault  currents 
generated  in  it.  These  currents  being  directly  proportional  to 
the  speed,  the  armature  will  rotate  twice  as  fast  with  twice  the 
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torque ;  consequently  the  revolutions  per  minute  are  directly  pro- 
portional to  the  power  supplied  in  watts.  The  total  number  of 
revolutions  in  any  given  time  represents  the  energy  in  watt-hours. 
A  train  of  wheels  operates  a  series  of  five  dials  representing 
1,111,100  units,  usually  watt-hours,  and  readings  taken  periodi- 
cally show  the  energy  consumed  during  the  intervals. 

It  is  evident   that  a  motor  meter  requires  a  certain  current  to 
overcome  friction,  and  would  fail  to  record  any  current  below  this 
limit.     In  order   to  overcome  this  difficulty,  an  auxiliary  field  coil 
of  fine  wire  marked  "  shunt "  in  Fig.  381  is  put  in  series  with  the 
armature.     Since   the  latter  is  connected   across  the  main  con- 
ductors, the   current  through  it  depends  solely  upon  the  voltage 
whether  any  lamps  are  burning  or  not.     The  resistance  of  the 
armature   circuit   is  so  adjusted   that    this   current    passing   also 
through  the  shunt  coil  develops  a 
torque  almost  sufficient   to  over- 
come friction  ;  hence  any  current 
flowing  in   the   main   circuit  and 
field   coils    will    produce    its    full 
effect    in   rotating  the  armature. 
If   the    armature   current    is   too 
strong  it  will  cause  slow  rotation, 
even  when  no  lamps  are  burning,  _ 

j^,.       ,,  ,,       ,        iji_  Fig.  881.    Conneetions  of  Two-wire  Meter. 

and    this    "creepmg      should  be 

stopped  by  reducing  the  number  of  turns  in  the  shunt  field  coil 
until  the  armature  is  not  quite  able  to  turn  when  no  current  for 
lighting  or  other  purposes  is  being  used. 

The  accuracy  of  the  meter  also  requires  that  a  certain  number 
of  watts  supplied  shall  produce  the  proper  number  of  revolutions 
per  minute.  Ordinarily  60  watts  should  cause  the  armature  to 
rotate  once  per  minute,  and  so  on  for  other  loads.  Measuring 
the  power  with  a  wattmeter,  or  putting  on  a  known  load  of  lamps, 
enables  the  accuracy  of  the  meter  to  be  tested  by  counting  the 
revolutions  per  minute.  If  found  incorrect,  the  speed  may  be 
lowered  by  setting  the  permanent  magnets  farther  out,  or  vice 
versa,  an  adjustment  of  about  16  %  being  possible.  Since  a 
reversal  of  current  in  both  field  and  armature  of  a  motor  does 
not  change  the  direction  of  rotation,  an  alternating  current  may 
be  measured  by  this  same  instrument.     The  absence  of  iron  cores 
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avoids  any  troubles  from  hysteresis  or  eddy  current ;  but  it  is 
necessary  that  the  reactance  of  the  armature  circuit  should  be 
very  small  compared  with  its  resistance,  a  condition  which  is 
fulfilled  by  inserting  resistance,  as  explained  in  relation  to  Fig-.  381. 
A  lag  in  the  main  current  due  to  the  load  itself,  as  in  the  case  of 
arc  lamps  or  motors,  does  not  introduce  any  error,  since  the 
instrument  properly  measures  and  integrates  the  true  energy  in 
watt-hours. 

Special  Forms  of  Thomson  Meter  are  made  for  various  pur- 
poses. The  type  whose  connections  are  shown  in  Fig.  382  is 
designed  for  direct  or  alternating  current  three-wire  circuits.  In 
this  case  one  main  field  coil  is  connected  in  series  with  each  of 
the  outer  conductors,  the  armature  circuit,  including  the  shunt 
field,  being  connected  between  the  neutral  and  one  of  the  outer 


F\g,  382.    Thomson  Three^wire  Meter, 


Fig.  383.    Meter  for  Large  Currente. 


conductors,  assuming  that  the  two  sides  of  the  system  are  per- 
fectly balanced.  It  may  also  be  connected  across  both  sides,  thus 
measuring  the  total  voltage;  but  the  armature  will  then  rotate 
twice  as  rapidly,  for  which  fact  adjustment  or  allowance  should  be 
made.  The  currents  on  either  or  both  sides  of  the  system  pro- 
duce their  full  effect  in  the  main  field  coils. 

The  meters  already  described  may  be  used  for  secondary  or 
other  low-voltage  alternating  circuits,  but  for  primary  or  high- 
voltage  circuits  a  modified  form  is  applicable.  The  modification 
consists  in  inserting  a  small  meter-transformer,  which  reduces  the 
high  voltage  to  a  moderate  value  proportional  to  the  original,  the 
instrument  being  calibrated  accordingly. 

For  measuring  very  large  direct  or  alternating  currents,  as  in 
generating  plants,  the  field  magnetism  is  produced  by  a  single 
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bar  of  copper  which  passes  between  two  armatures,  as  represented 
in  383,  the  arrangement  in  other  respects  being  similar  to  that 
already  described. 

Two  or  three  phase  currents  may  be  measured  by  means  of 
a  separate  meter  connected  in  each  phase.  If  the  energy  of  the 
two  or  three  phases  is  kept  balanced,  one  meter  in  one  phase  is 
sufficient,  its  readings  being  multiplied  by  two  or  three  as  the 
case  may  be.  For  unbalanced  circuits  the  two  or  three  separate 
instruments  may  be  combined  in  one,  as  illustrated  in  Fig.  384. 


Fig.  384.    Thomson  Polyphase  Meter. 

A  single  instrument  of  this  kind  is  capable  of  recording  cor- 
rectly the  total  load  on  balanced  or  unbalanced  two-phase,  three- 
phase,  or  monocyclic  circuits,  and  saves  space,  expense,  as  well  as 
the  trouble  of  reading,  and  keeping  account  of  two  or  more 
sets  of  dials.  In  many  cases,  however,  separate  meters  are  em- 
ployed for  the  different  phases  of  current.  The  arrangement  for 
unbalanced  three-phase  or  monocyclic  circuits  is  shown  in  Fig. 
385.  One  meter  is  connected  to  one  branch  of  the  circuit,  and  a 
second  to  another  branch  ;  but  none  is  required  in  the  third  branch, 
since  no  current  can  flow  in  it  without  passing  through  one  or 
both  of  the  other  branches.     The  algebraic  sum  of  the  readings 
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of  the  two  instruments  gives  the  total  power  and  is  independent 
of  the  balance  or  lag  of  the  currents.  If  the  latter  is  less  than 
60°,  giving  a  power  factor  greater  than  .50,  the  arithmetical  sum 
of  the  readings  is  taken ;  but  with  a  lag  greater  than  60°,  the 
relation  between  the  currents  in  the  series  and  shunt  coils  of  one 
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fig.  386.    Polyphase  Circuit  with  Two  Motors. 

of  the  wattmeters  causes  it  to  have  a  negative  reading,  hence  the 
difference  between  the  two  readings  is  equal  to  the  actual  power. 
In  electric  lighting  the  power  factor  is  always  greater  than  .50, 
and  even  with  motors  on  the  circuit  it  should  be  kept  above  that 
value.  This  arrangement  is  adapted  to  secondary  or  other  low- 
voltage  circuits  ;  for  primary  or  other  high-voltage  circuits,  the 
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connections  are  similar,  except  that  the  pressure  is  reduced  by 

meter-transformers  as  already  explained. 
For  three-phase  circuits  with 

Y  connection  (p.  144),  three  sep- 
arate meters  may  be  used,  one  in 

each    branch,  but  the  single  or 

the  two-instrument  arrangements 

are  generally  preferred. 

Series  or  Arc-Circuit  Meter, 

—  The  Thomson   instrument   is 

adapted  also  to  constant  current 

circuits  for  series  arc  or  incan-  ng,  aae.  series  circuit  Meter, 

descent  lighting,  the  connections 

being  represented  in  Fig.  386.     The  field  coils  of  coarse  wire  are 

connected  in  series  with 
one  main  conductor  carry- 
ing the  full  current,  the 
same  as  for  constant  po- 
tential circuits.  In  this 
case,  however,  a  cut-out 
is  provided  which  short- 
circuits  the  line  at  that 
point  in  case  the  circuit  is 
opened  beyond.  The  cut- 
out magnet  is  operated  by 
coils  in  series  with  a  high 
resistance  and  connected 
across  the  line  wires.  The 
armature  is  shunted  across 
a  portion  of  this  resistance, 
as  shown,  and  therefore  re- 
ceives a  certain  small  frac- 
tion of  the  line  voltage,  so 
that  with  proper  calibra- 
tion the  meter  registers  the 
watt-hours     consumed     in 

Fig.  887.    Shatlenberger  Meter.  ^j^^^  portion  of   the  cirCuit. 

The  Shallenberger  Meter  illustrated  in  Fig.  387  is  a  promi- 
nent form,  having  been  made  for  many  years  by  the  Westinghouse 
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Company.  It  is  of  the  motor  type,  but  is  applicable  only  to  alter- 
nating currents  and  records  ampere-hours  but  not  watt-hours.  It 
consists  of  large  fixed  coil  having  a  few  turns  of  heavy  wire  through 
which  passes  the  entire  current  to  be  measured.  Inside  of  this, 
and  at  an  angle  to  it,  is  placed  a  closed  copper  coil.  Within  the 
latter  a  thin  metallic  disc  is  mounted  to  rotate  upon  a  vertical 
spindle  connected  at  its  upper  end  with  a  train  of  recording  gears 
and  equipped  below  with  four  aluminium  fan  blades.  When  an 
alternating  current  passes  through  the  large  coil,  it  acts  as  a 
primary,  and  induces  a  current  in  the  closed  or  secondary  coil. 
The  magnetic  field  produced  by  the  secondary  is  at  an  angle  to 

that  of  the  primary,  and 
the  two  combine  to  form 
a  resultant  field ;  but  as 
their  alternations  do  not 
coincide  in  time  the  direc- 
tion of  this  resultant  is 
continually  shifting  and 
produces  a  rotating  field, 
as  explained  on  page  145. 
The  metallic  disk  tends  to 
rotate  in  unison  with  the 
field,  but  is  retarded  by 
the  fan  blades.  This  de- 
vice being  in  principle 
an    induction    motor,    its 

Fig.  388. 

torque  increases  as  the 
square  of  the  primary  current ;  but  since  the  resistance  to  rotation 
rises  as  the  square  of  the  speed  (at  moderate  values),  the  number 
of  revolutions  per  minute  are  directly  proportional  to  the  current, 
which  is  the  condition  required. 

The  Westinghouse  Integrating  Wattmeter  (Fig.  388)  is  also  of 
the  induction  motor  type,  but  differs  from  the  Shallenberger  instru- 
ment, in  having  in  addition  to  the  series  coils  a  shunt  winding,  the 
effect  of  which  is  proportional  to  the  voltage,  so  that  watt-hours 
are  recorded.  Since  a  rotating  aluminium  disk  is  acted  upon  by 
induction,  it  can  be  used  only  with  alternating  currents.  The 
moving  parts  being  very  light  require  only  1.25  watts  in  the  shunt 
winding,  and  even  less  in  the  series  coils.     The  former  advantage 
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is  important  because  that  loss  occurs  all  the  time,  even  when  lamps 
are  not  burning,  and  any  drop  in  the  series  coil  is  equally  objection- 
able, since  it  reduces  the  pressure  at  the  lamps.  For  400  volts  or 
less  and  currents  up  to  80  amperes,  the  meter  is  connected  directly 


Fig.  389.    Connectlona  for  Two-phage  Weatlnghouae  Maten. 

to  the  circuit.  With  higher  voltages  or  heavier  currents  a  potential 
transformer  is  used  to  reduce  the  pressure  for  the  shunt  windin^^ 
and  a  series  transformer  is  inserted  in  one  of  the  main  conthictors 
to  obtain  a  smaller  but  proportionate  current  for  the  scries  coil. 
The  connections  for  a  two-phase  circuit  are  shown  in  Fi^^  M\),  a 
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potential  transformer  for  each  phase  being  placed  below  and  a 
smaller  series  transformer  for  each  phase  above,  with  all  four 
secondary  wires  leading  to  a  single  meter  in  the  center.  The 
energy  is  brought  from  two-phase  generators  by  four  wires  from 
the  right,  and  after  being  measured  is  carried  to  the  lamps  by  four 
wires  on  the  left.  The  dials  record  the  total  energy  supplied  in 
all  the  branches  of  a  polyphase  circuit  into  which  the  wattmeter 
is  connected,  no  multiplier  being  necessary. 

The  Duncan  Integrating  Wattmeter,  represented  in  Fig.  390,  is 

another  well-known  form  of 
the  induction  motor  type 
for  alternating  currents 
only.  It  comprises  a  series 
field  core  of  laminated  iron 
with  inwardly  projecting 
poles  carrying  the  series 
coils,  between  which  the 
armature  —  an  inverted 
aluminium  cup  —  rotates 
upon  a  vertical  spindle,  as 
shown.  The  shunt  coil 
placed  inside  of  the  arma- 
ture, with  its  axis  at  right 
angles  to  that  of  the  series 
coils,  is  also  wound  upon  a 
laminated  iron  core,  being 
stationary  and  supported 
from  below  by  a  brass  arm. 
The  upper  end  of  the  arm- 
^.    «^    «        ^^  ature  spindle  carries  a  gear 

Fig.  390.    Duncan  Meter.  *^  ^ 

driving  the  train  of  dials, 
and  on  the  lower  end  is  mounted  the  retarding  disk  of  aluminium 
which  revolves  between  the  poles  of  two  permanent  magnets. 
The  so-called  compensator  is  a  copper  ring  with  an  iron  core 
shown  in  front  of  the  armature  and  supported  by  a  movable  arm. 
By  adjusting  its  position,  friction  may  be  overcome  and  at  the 
same  time  "creeping"  avoided.  The  lower  bearing  of  the  spindle 
is  of  sapphire  and  the  spindle  point  of  hardened  steel,  both  of 
which  are  easily  renewable. 
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The  Gutmann  Integrating  Wattmeter  is  similar  in  principle  to 
the  Westinghouse  and  Duncan  instruments,  being  of  the  induction 
motor  type  with  series  and  shunt  windings,  and  is  adapted  only  to 
alternating  currents.  The  arrangement  of  the  dials,  retarding 
disk  and  other  parts  is  also  similar,  but  the  armature  or  rotating 
member  is  a  diagonally  slotted  aluminium  cylinder. 

The  American  Integrating  Amperemeter,  illustrated  in  Fig.  891, 
differs  radically  from  those  already  described,  both  in  principle 
and  in  construction.  It  consists  of  a  solenoid  and  core  placed 
above  a  self-starting  pendulum,  actuated  by  the  electric  current. 
The  pendulum,  by  means  of  a  cam,  raises  a  pawl  on  a  ratchet 


f/9.  997.    Ih9  American  Integrating  Amperemeter. 

wheel  to  a  uniform  height  each  stroke.  The  solenoid,  by  means 
of  its  core,  shifts  the  angular  position  of  a  pendent  arch  attached 
to  its  axis  so  as  to  permit  this  pawl  to  drop  along  the  ratchet 
wheel  a  number  of  teeth  proportional  to  the  current  passing 
through  the  meter ;  thus  at  each  stroke  of  the  pendulum  the  load 
in  amperes  passing  to  the  consumer  is,  by  means  of  the  ratchet 
wheel  and  the  counter  register,  measured  and  added  up  in  ampere- 
hours. 

The  pendulum  ceases  to  swing  when  no  lamps  are  burning ;  but 
as  soon  as  any  are  turned  on,  and  current  flows  in  the  main  con- 
ductor, the  pendulum  is  started  automatically,  being  actuated  by  a 
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shunt  circuit  across  the  mains.  The  form  illustrated  is  for  use  oa 
a  three-wire  system,  both  of  the  outer  conductors  being  carried 
through  the  solenoid,  as  indicated,  so  that  its  action  upon  the  core, 
and  therefore  the  position  of  the  latter,  depends  upon  the  com- 
bined effects  of  the  two  currents,  thus  measuring  the  total  load 
on  both  sides  of  the  system.  The  core  of  soft  iron  is  magnetized 
to  saturation  by  a  winding  in  circuit  with  the  coil  that  drives  the 
pendulum,  the  object  being  to  avoid  variations  due  to  hysteresis. 
Having  this  construction,  the  instrument  measures  ampere-hours 
simply,  since  ordinary  changes  in  voltage  would  produce  no  ap- 
preciable effect. 

The  Ferranti  Meter  used  in  England  is  based  upon  the  princi- 
ple that  a  conductor  carrying  a  current  in  a  magnetic  field  tends 
to  move  in  a  direction  perpendicular  to  the  current  and  to  the 
lines  of  force.  In  this  case  the  conductor  consists  of  mercury  con- 
tained in  a  shallow  circular  chamber  placed  between  the  poles  of  a 
magnet  excited  by  a  coil  through  which  the  main  current  passes. 
This  current  also  flows  radially  through  the  mercury  being  intro- 
duced at  the  center  by  a  pin,  and  taken  off  at  the  periphery  by 
a  metallic  rim.  The  retarding  force  is  that  due  to  fluid  friction 
of  the  mercury  against  the  inner  surface  of  the  chamber,  in 
which  radial  grooves  are  formed  to  increase  the  effect  and  make 
it  as  nearly  as  possible  proportional  to  the  square  of  the  speed. 
Since  the  current  flows  in  both  the  magnet  and  the  mercury,  the 
driving  force  is  proportional  to  the  square  of  the  current,  and 
the  speed,  therefore,  increases  directly  with  the  current.  A  vane 
dipping  in  the  mercury  transmits  the  motion  of  the  latter  to  the 
counting  dials  by  means  of  a  small  spindle.  The  driving  force 
due  to  residual  magnetism  is  designed  to  overcome  the  retarding 
force  due  to  the  solid  friction  of  the  parts.  It  is  evident  that  this 
instrument  measures  ampere-hours  and  not  watt-hours. 

The  Aron  Meter  consisted  originally  of  an  ordinary  clock 
having  a  permanent  magnet  for  the  bob  of  the  pendulum,  below 
which  was  placed  a  coil  with  its  axis  vertical.  The  current  to  be 
measured  passed  through  the  coil  in  the  direction  to  repell  the 
magnet,  thus  neutralizing  a  part  of  its  gravity  which  caused  the 
clock  to  lose  time.  The  loss  of  time  in  any  period  enabled  the 
ampere-hours  during  that  period  to  be  determined.  A  later  form 
comprised  two  separate  clocks,  one  acting  normally  and  the  other 
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being  influenced  by  the  current.  The  two  trains  of  wheels  were 
connected  by  a  differential  gear  to  a  third  train  with  dials  and 
pointers  which  indicated  the  difference  in  action  of  the  two  clocks, 
being  calibrated  in  ampere-hours.  This  type  involves  two  obvious 
difficulties  :  one  is  the  trouble  of  winding  the  clocks,  and  the  other 
is  the  practical  impossibility  of  keeping  correct  a  large  number  of 
clocks  of  reasonable  cost.  These  objections  are  overcome  in  a 
still  more  recent  form  which  is  made  self-winding  by  the  action  of 
the  current,  and  each  pendulum  is  acted  upon  by  a  coil  so  that  one 
is  accelerated  and  the  other  retarded,  thus  doubling  the  effect. 
Furthermore,  at  frequent  intervals  the  connections  of  the  coils  are 
reversed,  so  that  first  one  and  then  the  other  pendulum  is  the 
faster,  the  difference  between  the  two  being  always  registered  on 
the  dials.  In  this  way  even  a  considerable  deviation  from  accuracy 
in  one  or  both  of  the  clocks  is  eliminated  by  the  constant  reversal 
of  their  relations.  Another  feature  in  the  improved  Aron  instru- 
ment is  the  substitution  of  a  shunt  coil  for  the  permanent  magnet 
on  each  pendulum,  thus  converting  it  into  an  integrating  watt- 
meter. It  is  adapted  to  either  direct  or  alternating  currents,  and 
is  made  in  forms  suitable  for  two-wire,  three-wire,  and  other 
circuits. 

The  Terms  Integrating^  Recordings  and  Registering  Meter  are 
all  used  for  designating  the  various  devices  described  in  this  chap- 
ter. The  first  is  certainly  correct,  since  in  most  cases  the  instru- 
ment merely  integrates  or  sums  up  the  total  number  of  ampere- or 
watt-hours,  without  making  any  record  of  the  almost  constant  vari- 
ations in  load  which  usually  occur.  There  are  also  instruments 
commonly  called  recording  volt-,  ampere-,  or  wattmeters,  in  which 
a  line  is  traced  out  on  paper  showing  the  number  of  volts,  etc.,  at 
any  time  during  the  entire  twenty-four  hours.  By  using  an  am- 
pere- or  wattmeter  of  this  kind  and  properly  integrating  the  record 
obtained,  the  number  of  ampere- or  watt-hours  may  be  determined. 
This  is  much  less  convenient,  however,  than  an  instrument  which 
automatically  performs  the  integration  and  gives  the  result  on  a 
dial.  On  the  other  hand,  the  maximum  demand  and  other  values 
would  all  be  shown,  so  that  a  charge  could  be  made  taking  them 
into  account,  as  explained  in  the  beginning  of  this  chapter.  As  a 
matter  of  fact,  such  instruments  are  rarely  used  except  to  ascertain 
the  uniformity  of  voltage,  etc.,  when  it  is  desired  to  have  it  con- 
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stant,  and  are  used  merely  as  a  check  on  the  regulation.  It  has 
been  proposed  to  distinguish  between  this  class  and  those  which 
integrate,  by  calling  the  former  recording  and  the  latter  register- 
ing ;  but  common  usage  is  the  other  way,  and  the  term  integrating 
meter  is  more  distinctive  for  the  latter.  In  most  cases  the  simple 
word  "  meter  "  is  understood  to  mean  the  integrating  instrument, 
whether  used  for  measuring  gas,  water,  or  electrical  quantities. 
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APPENDIX  I. 


NATIONAL  ELECTRICAL  CODE" 


RULES  AND  REQUIREMENTS 

OF  THE 

National  Board  of  Fire  Underwriters 

FOR  THE  INSTALLATION  OF 

WIRING  AND  APPARATUS 
FOR    ELECTRIC    LIGHT.    HEAT,    AND   POWER 

AS  REOOMMENDED  BY  THE 

UNDERWRITERS'  NATIONAL  ELECTRIC  ASSOCIATION 


EDITION  OF  Z90Z 

The  National  Electrical  Code,  as  it  is  here  presented,  is  the  result  of  the 
united  efforts  of  the  various  Electrical,  Insurance,  Architectural,  and  allied 
interests  which  have,  through  the  National  Conference  on  Standard  Electrical 
Rules,  composed  of  delegates  from  various  National  Associations,  unanimously 
voted  to  recommend  it  to  their  respective  Associations  for  approval  or  adoption. 

The  following  is  a  list  of  the  Associations  represented  in  the  Conference, 
all  of  which  have  approved  of  the  Code : 

American  Institutb  of  Architects 
American  Institute  or  Electrical  Engineers 
American  Society  op  Mechanical  Engineers 
American  Street  Railway  Association 
Factory  Mutual  Fire  Insurance  Companies 
National  Association  op  Fire  Engineers 
National  Board  op  Fire  Underwriters 
National  Electric  Light  Association 
^  Unvbr writers'  National  Electric  Association 


GBHSRAL  plan  governing  THS  ARRANGBMSNT  of  RULB8 
CLASS  A.  —  Central  Stations,  Dynamo,  Motor,  and  Storage-Battery  Rooms, 

Transformer  Substations,  etc.    Rules  i  to  ii. 
CLASS  B. — Outside  Work,  all  systems  and  voltages.    Rules  12  and  13. 
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CLASS  C  — laside  Work.    Rules  14  to  39.    Subdivided  as  follows: 

General  Rules,  applying  to  all  systems  and  voltages.    Rules  14  to  17. 
Constant-Current  systems.    Rules  18  to  20. 
Constant-Potential  systems. 

All  voltages.    Rules  21  to  23. 

Voltage  not  over  550.    Rules  24  to  31. 

Voltage  between  550  and  3,500.    Rules  32  to  37. 

Voltage  over  3,500.    Rules  38  and  39. 

CLASS  D.  —  Specifications  for  Wires  and  Fittings.    Rules  40  to  63. 
CLASS  £.  —  Miacellaneons.    Rules  64  to  67. 
CLASS  F.  —^ Marine  Wiring.    Rules  68  to  80. 


Class  A 
STATIONS  AND  DYNAMO  ROOMS 

IflCLUDES  CENTRAL  STATIONS,  DYNAMO,  MOTOR,  AND  STORAGE-BATTERY  ROOMS, 
TRANSFORMER  SUBSTATIONS,  ETC 

1.  Generators  — 

a.  Must  be  located  in  a  dry  place. 

b.  Must  never  t)c  placed  in  a  room  where  any  hazardous  process  is  carried 
on,  nor  in  places  where  they  would  be  exposed  to  inflammable  gases  or  flyings 
of  combustible  materials. 

c.  Must  be  insulated  on  floors  or  base  frames,  which  must  be  kept  filled 
to  prevent  absorption  of  moisture,  and  also  kept  clean  and  dry.  Where  frame 
insulation  is  impracticable,  the  Inspection  Department  having  jurisdiction 
may,  in  writing,  permit  its  omission,  in  which  case  the  frame  must  be  per- 
manently and  effectively  grounded. 

A  high-potential  machine  which,  on  account  of  great  weight  or  for  other  reasons,  cannot  have  its 
frame  insulated  from  the  ground,  should  be  surrounded  with  an  insulated  platform.  This  may  be  made 
of  wood,  mounted  on  insulating  supports,  and  so  arranged  that  a  man  must  always  stand  upon  it  in 
•order  to  touch  any  part  of  the  machine. 

In  case  of  a  machine  having  an  insulated  frame,  if  there  is  trouble  from  static  electricity  due  to 
belt  friction,  it  should  be  overcome  by  placing  near  the  belt  a  metallic  comb  connected  with  the  earth,  or 
by  grounding  the  frame  through  a  very  high  resistance  of  not  less  than  aoo  ohms  per  volt  generated  by 
the  machine. 

d.  Every  constant-potential  generator  must  be  protected  from  excessive 
current  by  a  safety  fuse,  or  equivalent  device,  of  approved  design  in  each  lead 
wire. 

These  devices  should  be  placed  on  the  machine  or  as  near  it  as  possible. 

Where  the  needs  of  the  service  make  these  devices  impracticable,  the  Inspection  Department 
having  jurisdiction  may,  in  writing,  modify  the  requirements. 

e.  Must  each  be  provided  with  a  waterproof  cover. 

f.  Must  each  be  provided  with  a  name-plate,  giving  the  maker*s  name, 
the  capacity  in  volts  and  amperes,  and  the  normal  speed  in  revolutions  per 
minute. 

a.  Conductors  — 

From  generators  to  switchboards,  rheostats,  or  other  instruments,  and 
thence  to  outside  lines. 
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/I.   Must  be  in  plain  sight  or  readily  accessible. 

b.  Must  have  an  approved  insulating  covering  as  called  for  by  rules  in 
Class  "  C "  for  similar  work,  except  that  in  central  stations,  on  exposed 
circuits,  the  wire  which  is  used  must  have  a  heavy  braided  non-combustible 
outer  covering. 

Bus  bars  may  be  made  of  bare  metal. 

c.  Must  be  kept  so  rigidly  in  place  that  they  cannot  come  in  contact. 

d.  Must  in  all  other  respects  be  installed  under  the  same  precautions  as 
required  by  rules  in  Class  "  C  "  for  wires  carrying  a  current  of  the  same  volume 
and  potential. 

3.  Switchboards  — 

a.  Must  be  so  placed  as  to  reduce  to  a  minimum  the  danger  of  communi- 
cating fire  to  adjacent  combustible  material. 

Special  attention  is  called  to  the  fact  that  switchboards  should  not  be  built  down  to  the  floor,  nor 
up  to  the  ceiling,  but  a  space  of  at  least  ten  or  twelve  inches  should  be  left  between  the  floor  and  the 
board,  and  from  eighteen  to  twenty-four  inches  between  the  ceiling  and  the  board  in  order  to  prevent  fire 
from  communicating  from  the  switchboard  to  the  floor  or  ceiling,  and  also  to  prevent  the  forming  of  a 
partially  concealed  space  very  liable  to  be  used  for  storage  of  rubbish  and  oily  waste. 

b.  Must  be  made  of  non-combustible  material  or  of  hardwood  in  skeleton 
form  filled  to  prevent  absorption  of  moisture. 

c.  Must  be  accessible  from  all  sides  when  the  connections  are  on  the  back, 
but  may  be  placed  against  a  brick  or  stone  wall  when  the  wiring  is  entirely  on 
the  face. 

d.  Must  be  kept  free  from  moisture. 

e.  Bus  bars  must  be  equipped  in  accordance  with  rules  for  placing 
conductors. 

4.  Resistance  Boxes  and  Equalizers  — 

{For  construction  rulesy  see  No.  60.) 
a.  Must  be  placed  on  a  switchboard  or,  if  not  thereon,  at  a  distance  of  a 
a  foot  from  combustible  material,  or  separated  therefrom  by  a  non-inflammable, 
non-absorptive,  insulating  material. 

5.  Lightning  Arresters  — 

(For  construction  rules,  see  No,  6S.) 

a.  Must  be  attached  to  each  side  of  every  overhead  circuit  connected  with 
the  station. 

It  is  recommended  to  all  electric  light  and  power  companies  that  arresters  be  connected  at  intervals 
over  systems  in  such  numbers  and  so  located  as  to  prevent  ordinary  discharges  entering  (over  the  wires) 
{wildings  connected  to  the  lines. 

b.  Must  be  located  in  readily  accessible  places  away  from  combustiblfe 
materials,  and  as  near  as  practicable  to  the  point  where  the  wires  enter  the 
building. 

Station  arresters  should  generally  be  placed  in  plain  sight  on  the  switch- 
board. 

In  all  cases,  kinks,  coils,  and  sharp  bends  in  the  wires  between  the  arresters 
and  the  outdoor  lines  must  be  avoided  as  far  as  possible. 
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c.  Must  be  connected  with  a  thoroughly  good  and  permanent  ground  con- 
nection by  metallic  strips  or  wires  having  a  conductivity  not  less  than  that  of  a 
No.  6  B.  &  S.  copper  wire,  which  must  be  run  as  nearly  in  a  straight  line  as 
possible  from  the  arresters  to  the  earth  connection. 

Ground  wires  for  lightning  arresters  must  not  be  attached  to  gas-pipes 
within  the  buildings. 

It  »  often  desirable  to  introduce  a  dioke  coil  in  circuit  between  the  arresterB  and  the  dynamo.  In 
no  caie  aliould  the  ground  wire  from  a  lightning  arrester  be  put  into  iron  pipes,  as  these  would  tend  to 
impede  the  discharge. 

0.  Care  and  Attendance  — 

a.  A  competent  man  must  be  kept  on  duty  where  generators  are  operating. 

b.  Oily  waste  must  be  kept  in  approved  metal  cans  and  removed  daily. 

Approved  waste  cans  shall  be  made  of  metal,  with  legs  raising  can  three  inches  from  the  floor,  and 
with  self-closing  covers. 

7.  Testing  of  Insulation  Resistance  — 

a.  All  circuits,  except  such  as  are  permanently  grounded  in  accordance 
with  Rule  13  A,  must  be  provided  with  reliable  ground  detectors.  Detectors 
which  indicate  continuously,  and  give  an  instant  and  permanent  indication  of 
a  ground,  are  preferable.  Ground  wires  from  detectors  must  not  be  attached 
to  gas-pipes  within  the  building. 

b.  Where  continuously  indicating  detectors  are  not  feasible,  the  circuits 
should  be  tested  at  least  once  per  day,  and  preferably  oftener. 

c.  Data  obtained  from  all  tests  must  be  preserved  for  examination  by  the 
Inspection  Department  having  jurisdiction. 

These  rules  on  testing  to  be  applied  at  such  places  as  may  be  designated  by  the  Inspection  Depart> 
ment  havrag  jurisdiction. 

8.  Motors  — 

a.  Must  be  insulated  on  floors  or  base  frames,  which  must  be  kept  filled 
to  prevent  absorption  of  moisture ;  and  must  be  kept  clean  and  dry.  Where 
frame  insulation  is  impracticable  the  Inspection  Department  having  jurisdic- 
tion may,  in  writing,  permit  its  omission,  in  which  case  the  frame  must  be  per- 
manently and  effectively  grounded. 

A  high-potential  machine  which,  on  account  of  great  weight  or  for  other  reasons,  cannot  have  it» 
fhune  insulated,  should  be  surrounded  with  an  insulated  platform.  This  may  be  made  of  wood 
mounted  on  insuUling  supports,  and  so  arranged  that  a  man  must  stand  upon  it  in  order  to  touch  any 
part  of  the  machine.  ...  .   . 

In  case  of  a  machine  having  an  insulated  frame,  if  there  is  trouble  from  static  electnaty  due  to  belt 
friction,  it  should  be  overcome  by  placing  near  the  belt  a  metallic  comb  connected  to  the  earth,  or  hf 
grounding  the  frame  through  a  very  high  resistance  of  not  less  than  200  ohms  per  volt  generated  by  tba 


b.  Must  be  wired  under  the  same  precautions  as  required  by  rules  in 
class  "  C  ",  for  wires  carrying  a  current  of  the  same  volume  and  potential. 

The  leads  or  branch  ciraiits  should  be  designed  to  carry  a  current  at  least  fifty  per  cent  greater  thn 
that  required  by  the  rated  capacity  of  the  motor  to  provide  for  the  inevitable  ovcrloadmg  of  the  motor  at 
times  without  overfusfaig  the  wires. 

c.  The  motor  and  resistance  box  must  be  protected  by  a  cutout  and  con- 
trolled by  a  switch  (see  No.  17  a),  said  switch  plainly  indicating  whether  "on" 
or  "  off  "    Where  one-fourth  horse-power  or  less  is  used  on  low-tension  circuits 
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a  single-pole  switch  will  be  accepted.  The  switch  and  rheostat  must  be  located 
within  sight  of  the  motor,  except  in  such  cases  where  special  permission  to 
locate  them  elsewhere  is  given  in  writing  by  the  Inspection  Department  hav- 
ing jurisdiction. 

d.  Must  have  their  rheostats  or  starting-boxes  located  as  to  conform  to  the 
requirements  of  No.  4. 

In  connection  with  motors  the  use  of  circuit-breakers,  automatic  starting-boxes  and  automatic 
under-load  switches  is  recommended,  and  they  must  be  used  when  required. 

e.  Must  not  be  run  in  series-multiple  or  multiple-series,  except  on  constant- 
potential  systems,  and  then  only  by  special  permission  of  the  Inspection  De- 
partment having  jurisdiction. 

/.  Must  be  covered  with  a  waterproof  cover  when  not  in  use,  and,  if 
deemed  necessary  by  the  Inspection  Department  having  jurisdiction,  must  be 
inclosed  in  an  approved  case. 

From  the  nature  of  the  question  the  decision  as  to  what  is  an  approved  case  must  be  left  to  the 
Inspection  Department  having  jurisdiction  to  determine  in  each  instance. 

g.  Must,  when  combined  with  ceiling  fans,  be  hung  from  insulated  hooks, 
or  else  there  must  be  an  insulator  interposed  between  the  motor  and  its 
support. 

h.  Must  each  be  provided  with  a  name-plate,  giving  the  maker's  name, 
the  capacity  in  volts  and  amperes,  and  the  normal  speed  in  revolutions  per 
minute. 

9.  Railway  Power  Plants  — 

a.  Must  be  equipped  in  each  feed  wire  before  it  leaves  the  station  with  an 
approved  automatic  circuit-breaker  (see  No.  62)  or  other  device,  which  will 
immediately  cut  off  the  current  in  case  of  an  accidental  ground.  This  device 
must  be  mounted  on  a  fireproof  base,  and  in  full  view  and  reach  of  the 
attendant. 

10.  Storage  or  Primary  Batteries  — 

a.  When  current  for  light  and  power  is  taken  from  primary  or  secondary 
batteries,  the  same  general  regulations  must  be  observed  as  applied  to  similar 
apparatus  fed  from  dynamo  generators  developing  the  same  difference  of 
potential. 

b.  Storage  battery  rooms  must  be  thoroughly  ventilated. 

c.  Special  attention  is  directed  to  the  rules  for  rooms  where  acid  fumes 
exist  (see  No.  24,  y  and  k). 

d.  All  secondary  batteries  must  be  mounted  on  non-absorptive,  non- 
combustible  insulators,  such  as  glass  or  thoroughly  vitrified  and  glazed 
porcelain. 

e.  The  use  of  any  metal  liable  to  corrosion  must  be  avoided  in  cell  connec- 
tions of  secondary  batteries. 

11.  Transformers  — 

{For  construction  rulesy  see  No.  62,) 
fl.   In  central  or  substations  the  transformers  must  be  so  placed  that  smoke 
from  the  burning  out  of  the  coils  or  the  boiling  over  of  the  oil  (where  oil-filled 
cases  are  used)  could  do  no  harm. 
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Class  B. 

OUTSIDE  WORK. 

ALL  SYSTEMS  AND  VOLTAGES. 

12.  Wires  — 

a.  Service  wires  must  have  an  approved  rubber  insulating  covering  (see 
No.  41).  Line  wires,  other  than  services,  must  have  an  fl//r€?v^^/ weatherproof^ 
or  rubber  insulating  covering  (Nos.  41  and  44).  All  the  wires  must  have  an 
insulation  equal  to  that  of  the  conductors  they  confine. 

b.  Must  be  so  placed  that  moisture  cannot  form  a  cross  connection  be- 
tween them,  not  less  than  a  foot  apart,  and  not  in  contact  with  any  substance 
other  than  their  insulating  supports.  Service  blocks  must  be  covered  over 
their  entire  surface  with  at  least  two  coats  of  waterproof  paint. 

c.  Must  be  at  least  seven  feet  above  the  highest  point  of  fiat  roofs,  and  at 
least  one  foot  above  the  ridge  of  pitched  roofs  over  which  they  pass  or  to 
which  they  are  attached. 

d.  Must  be  protected  by  dead  insulated  guard  iron  or  wires  from  possibility 
of  contact  with  other  conducting  wires  or  substances  to  which  current  may  leak. 
Special  precautions  of  this  kind  must  be  taken  where  sharp  angles  occur,  or 
where  any  wires  might  possibly  come  in  contact  with  electric  light  or  power 
wires. 

e.  Must  be  provided  with  petticoat  insulators  of  glass  or  porcelain.  Por- 
celain knobs  or  cleats  and  rubber  hooks  will  not  be  approved. 

f.  Must  be  so  spliced  or  joined  as  to  be  both  mechanically  and  electrically 
secure  without  solder.  The  joints  must  then  be  .soldered,  to  insure  preserva- 
tion, and  covered  with  an  insulation  equal  to  that  on  the  conductors. 

All  joints  must  be  soldered,  even  if  made  with  some  form  of  patent,  splicing  device.  This  ruling 
applies  to  joints  and  splices  in  all  classes  of  wiring  covered  by  these  rules. 

g.  Must,  where  they  enter  buildings,  have  drip  loops  outside,  and  the  holes 
through  which  the  conductors  must  be  bushed  with  non-combustible,  non- 
absorptive  insulating  tubes  slanting  upward  toward  the  inside. 

h.  Telegraph,  telephone,  and  similar  wires  must  not  be  placed  on  the  same 
cross-arm  with  electric  light  or  power  wires  ;  and  when  placed  on  the  same  pole 
with  such  wires  the  distance  between  the  two  inside  pins  of  each  cross-arm 
must  not  be  less  than  twenty-six  inches. 

/.  The  metallic  sheaths  to  cables  must  be  permanently  and  effectively 
connected  to  '*  earth." 

TROLLEY   WIRES. 

/  Must  not  be  smaller  than  No.  0  B.  &  S.  copper  or  No.  4  B.  &  S.  silicon 
bronze,  and  must  readily  stand  the  strain  put  upon  them  when  in  use. 

k.  Must  have  a  double  insulation  from  the  ground.  In  wooden-pole  con- 
struction the  pole  will  be  considered  as  one  insulation. 

/.  Must  be  capable  of  being  disconnected  at  the  power  plant,  or  of  being 
divided  into  sections,  so  that,  in  case  of  fire  on  the  railway  route,  the  current 
may  be  shut  off  from  the  particular  section  and  not  interfere  with  the  work  of 
the  firemen.     This  rule  also  applies  to  feeders. 
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m.  Must  be  safely  protected  against  accidental  contact  where  crossed  by 
other  conductors. 

Guard  wires  should  be  insulated  from  the  ground,  and  should  be  electrically  disconnected  in  8ection» 
of  not  more  than  300  feet  in  length. 

GROUND  RETURN  WIRES. 

n.  For  the  diminution  of  electrolytic  corrosion  of  underground  metal  work^ 
ground  return  wires  must  be  so  arranged  that  the  difference  of  potential  be- 
tween the  grounded  dynamo  terminal  and  any  point  on  the  return  circuit  will 
not  exceed  twenty -five  volts. 

It  is  suggested  that  the  positive  pole  of  the  dynamo  be  connected  to  the  trolley  line,  and  that 
whenever  pipes  or  other  underground  metal  wovk  are  found  to  be  electrically  positive  to  the  rails  or 
surrounding  earth,  that  they  be  connected  by  conductors  arranged  so  as  to  prevent  as  far  as  possible 
current  flow  from  the  pipes  into  the  ground. 

13.  Transformers  — 

{For  construction  rules^  see  No,  6S,) 

a.  Must  not  be  placed  inside  of  any  building,  excepting  central  stations^ 
unless  by  special  permission  of  the  Inspection  Department  having  jurisdiction. 

d.  Must  not  be  attached  to  the  outside  walls  of  buildings,  unless  separated 
therefrom  by  substantial  supports. 

13  A.  Grounding  Low  Potential  Circuits. 

The  grounding  of  low  potential  drculU  under  the  following  regulations  It  only  allowed 
when  so  arranged  that  under  normal  conditions  there  will  be  no  flow  of  current  through 
the  ground  wire. 

Direct  Cunent  3-Wire  Systems. 

a.  Neutral  wire  may  be  grounded,  and  when  grounded  the  following  rules 
must  be  complied  with :  — 

1.  Must  be  grounded  at  the  Central  Station  on  a  metal  plate  buried  in  coke 
beneath  permanent  moisture  level,  and  also  through  all  available  underground 
water  and  gas-pipe  systems. 

2.  In  underground  systems  the  neutral  wire  must  also  be  grounded  at  each 
distributing-box  through  the  box. 

3.  In  overhead  systems  the  neutral  wire  must  be  grounded  every  600  feet, 
as  provided  in  Sections  r,  e,  andy. 

The  Inspection  Department  having  jurisdiction  may  require  grounding  if  they  deem  it  necessary. 
Two-wire  direct  current  systems  having  no  accessible  neutral  point  are  not  to  be  grounded. 

Alternating  Current  Secondary  Systems. 

d.  The  neutral  point  of  transformers,  or  the  neutral  wire  of  distributing 
systems,  may  be  grounded,  and  when  grounded  the  following  rules  must  be 
complied  with :  — 

1.  ■  Transformers  feeding  2-wire  systems  must  be  grounded  at  the  center  of 
the  secondary  coils. 

2  Transformers  feeding  systems  with  a  neutral  wire  must  have  the  neutral 
wire  grounded  at  the  transformer  and  at  least  every  260  feet  beyond. 

Inspection  Department  having  jurisdiction  may  require  grounding  if  they  deem  it  necessary. 
Ground  Connections. 

c.  The  ground  wire  in  D.  C.  3-wire  systems  must  not  at  Central  Stations  be 
smaller  than  the  neutral  wire  and  not  smaller  than  No.  6  B.  &  S.  elsewhere. 
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The  lowar  limit  is  tpedfied  for  rubber-covered  wires  to  prevent  gradual  dcterioratioii  of  the  high 
insulations  by  the  heat  of  the  wires,  but  npt  from  fear  of  igniting  the  insulation.  The  question  of  drop 
is  not  uken  into  consideration  in  the  above  tables. 

The  carrying  capacity  of  sixteen  and  eighteen  wire  is  given,  but  no  smaller  than  fourteen  is  to  be 
used,  except  as  allowed  under  Rules  24  /  and  46  b, 

17.  Switches,  Cutouts,  Circuit-Breakers,  etc. 

(For  construction  rules ^  see  Nos,  5U  ^^,  aftd  63.) 
a.  Must,  whenever  called  for,  unless  otherwise  provided  (for  exceptions, 
see  No.  8  c  and  No.  22  c),  be  so  arranged  that  the  cutouts  will  protect,  and  the 
opening  of  the  switch  or  circuit-breaker  will  disconnect,  all  of  the  wires ;  that 
is,  in  a  two-wire  system  the  two  wires,  and  in  a  three-wire  system  tlie  three 
wires,  must  be  protected  by  the  cutout,  and  disconnected  by  the  operation  of 
the  switch  or  circuit-breaker. 

d.  Must  not  be  placed  in  the  immediate  vicinity  of  easily  ignitible  stuff  or 
where  exposed  to  inflammable  gases  or  dust  or  to  flyings  of  combustible 
material. 

c.  Must,  when  exposed  to  dampness,  either  be  inclosed  in  a  waterproof 
box  or  mounted  on  porcelain  knobs. 

CONSTANT  CURRENT  SYSTEMS. 

Priac^lty  ScrhB  Arc  LIghtlag. 

18.  Wires— 

(See  also  Nos,  14,  16,  and  16.) 

a.  Must  have  an  approved  rubber  insulating  covering  (see  No.  41). 

b.  Must  be  arranged  to  enter  and  leave  the  building  through  an  approved 
double-contact  service  switch  (see  No.  51),  mounted  in  a  oon-combustible  case, 
kept  free  from  moisture,  and  easy 'of  access  to  police  or  firemen.  So-called 
**  snap  switches  '^  must  not  be  used  on  high-potential  circuits. 

c.  Must  always  be  in  plain  sight,  and  never  incased,  except  when  required 
by  the  Inspection  Department  having  jurisdiction. 

d.  Must  be  supported  on  glass  or  porcelain  insulators,  which  separate  the 
wire  at  least  one  inch  from  the  surface  wired  over,  and  must  be  kept  rigidly  at 
least  eight  inches  from  each  other,  except  within  the  structure  of  lamps, 
on  hanger-boards,  in  cutout  boxes,  or  like  places,  where  a  less  distance  is 
necessary. 

e.  Must,  on  side  walls,  be  protected  from  mechanical  injury  by  a  sub- 
stantial boxing,  retaining  an  air  space  of  one  inch  around  the  conductors, 
closed  at  the  top  (the  wires  passing  through  bushed  holes),  and  extending  not 
less  than  seven  feet  from  the  floor.  When  crossing  floor-timbers  in  cellars  or 
in  rooms,  where  they  might  be  exposed  to  injury,  wires  must  be  attached  by 
their  insulating  supports  to  the  under  side  of  a  wooden  strip  not  less  than  one- 
half  an  inch  in  thickness. 

19.  Arc  Lamps  — 

{For  construction  rules ^  see  No.  57.) 

a.  Must  be  carefully  isolated  from  inflammable  material. 

b.  Must  be  provided  at  all  times  with  a  glass  globe  surrounding  the  arc, 
securely  fastened  upon  a  closed  base.  No  broken  or  cracked  globes  to  be 
used. 

c.  Must  be  provided  with  a  wire  netting  (having  a  mesh  not  exceeding  one 
and  one-fourth  inches)  around  the  globe,  and  an  approved  spark  arrester  (see 
No.  58),  when  readily  inflammable  material  is  in  the  vicinity  of  the  lamps,  to 
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prevent  escape  of  sparks,  melted  copper,  or  carbon.    It  is  recommended  that 
plain  carbons,  not  copper-plated,  be  used  for  lamps  in  such  places. 

Arc  lamps,  when  used  in  places  where  they  are  exposed  to  flyings  of  easily  inflammable  material, 
should  have  the  carbons  inclosed  completely  in  a  globe  in  such  manner  as  to  avoid  the  necessity  for 
spark  arresters. 

For  the  present,  globes  and  spark  arresters  will  not  be  required  on  so-called  "  inverted  arc  ** 
lamps,  but  this  type  of  lamp  must  not  be  used  where  exposed  to  flyings  of  easily  inflammable   materials. 

d.  Where  hanger-boards  (see  No.  66)  are  not  used,  lamps  must  be  hung 
from  insulating  supports  other  than  their  conductors. 

20.  Incandescent  Lamps  in  Series  Circuits  — 

a.  Must  have  the  conductors  installed  as  provided  in  No.  18,  and  each 
lamp  must  be  provided  with  an  automatic  cutout. 

b.  Must  have  each  lamp  suspended  from  a  hanger-board  by  means  of  rigid 
tube. 

c.  No  electro-magnetic  device  for  switches  and  no  system  of  multiple- 
series  or  series-multiple  lighting  will  be  approved. 

d.  Under  no  circumstances  can  they  be  attached  to  gas  fixtures. 

CONSTANT  POTENTIAL  SYSTEMS. 

GENERAL  RULES,  WALL  VOLTAGES. 

21.  Automatic  Cutouts  (Fuses  and  Circuit-Breakers). 

{See  No.  17,  and  for  construction  Nos,  SB  and  S3,) 
a.  Must  be  placed  on  all  service  wires,  either  overhead  or  underground, 
as  near  as  possible  to  the  point  where  they  enter  the  building  and  inside  the 
walls,  and  arranged  to  cut  off  the  entire  current  from  the  building. 

Where  the  switch  required  by  rule  No.  22  is  inside  the  building,  the  cutout  required  by  this  section 
must  be  placed  so  as  to  protect  it. 

d.  Must  be  placed  at  every  point  where  a  change  is  made  in  the  size  of 
wire  [unless  the  cutout  in  the  larger  wire  will  protect  the  smaller  (see  No.  16)]. 

c.  Must  be  in  plain  sight,  or  inclosed  in  an  approved  box  (see  No.  54)  and 
readily  accessible.  They  must  not  be  placed  in  the  canopies  or  shells  of 
fixtures. 

d.  Must  be  so  placed  that  no  set  of  incandescent  lamps,  whether  grouped 
on  one  fixture  or  several  fixtures  or  pendants,  requiring  more  than  660  watts, 
shall  be  dependent  upon  one  cutout.  Special  permission  may  be  given  in 
writing  by  the  Inspection  Department  having  jurisdiction  for  departure  from 
this  rule  in  case  of  large  chandeliers,  stage  borders,  and  illuminated  signs. 

e.  Must  be  provided  with  fuses,  the  rated  capacity  of  which  does  not  ex- 
ceed the  allowable  carrying  capacity  of  the  wire;  and,  when  circuit-breakers 
are  used,  they  must  not  be  set  more  than  about  thirty  i^er  cent  above  the  allow- 
able carrying  capacity  of  the  wire,  unless  a  fusible  cutout  is  also  installed  in 
the  circuit  (see  No.  16). 

22.  Switches  — 

{See  No,  17,  and  for  construction.  No.  SI,) 

a.  Must  be  placed  on  all  service  wires,  either  overhead  or  underground 
in  a  readily  accessible  place,  as  near  as  possible  to  the  point  where  the  wires 
enter  the  building,  and  arranged  to  cut  off  the  entire  current. 

b.  Must  always  be  placed  in  dry,  accessible  places,  and  be  grouped  as  far 
as  possible.  Knife  switches  must  be  so  placed  that  gravity  will  tend  to  open 
rather  than  close  the  switch. 
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c.  Must  not  be  single-pole,  except  when  the  circuits  which  they  control 
supply  not  more  than  six  10-candie  power  lamps  or  their  equivalent. 

d.  Where  flush  switches  are  used,  whether  with  conduit  systems  or  not, 
the  switches  must  be  inclosed  in  boxes  constructed  of  or  lined  with  fire-resisting 
material.  No  push-buttons  for  bells,  gas-lighting  circuits  or  the  like  shall 
be  placed  in  the  same  wall-plate  with  switches  controlling  electric  light  or 
power  wiring. 

23.  Electric  Heaters  — 

a.  Must,  if  stationary,  be  placed  in  a  safe  situation,  isolated  from  inflam- 
mable materials,  and  be  treated  as  sources  of  heat. 

b.  Must  each  have  a  cutout  and  indicattng-syiiXxiYi  (see  No.  11  a). 

c.  Must  have  the  attachments  of  feed  wires  to  the  heaters  in  plain  sight, 
easily  accessible,  and  protected  from  interference,  accidental  or  otherwise. 

d.  The  flexible  conductors  for  portable  apparatus,  such  as  irons,  etc.,  must 
have  an  approved  \nsuisit\ng  covering  (see  No.  45^}. 

€.  Must  each  be  provided  with  name-plate,  giving  the  maker's  name  and 
the  normal  capacity  in  volts  and  amperes. 

LOW-POTENTIAL  SYSTEMS. 

SSO  VoitM  or  ieMS. 

Any  circuit  attached  to  any  machine^  or  combination  of  machines^  which 
develops  a  difference  of  potential^  between  any  two  wiresy  of  over  ten 
volts  and  less  than  550  volts,  shall  be  considered  as  a  low-potential 
circuit,  and  as  coming  under  this  class,  unless  an  approved  transform- 
ing device  is  used,  which  cuts  the  difference  of  potential  down  to  ten 
voltt  or  less.  The  primary  circuit  not  to  exceed  a  potential  of  S,500 
volts, 

24.  Wires  — 

GENERAL  RULES. 

(See  also  A^os.  14, 15,  and  16,) 

a.  Must  not  be  laid  in  plaster,  cement,  or  similar  finish. 

b.  Must  never  be  fastened  with  staples. 

c.  Must  not  be  fished  for  any  great  distance,  and  only  in  places  where  the 
inspector  can  satisfy  himself  that  the  rules  have  been  complied  with. 

d.  Twin  wires  must  never  be  used,  except  in  conduits,  or  where  flexible 
conductors  are  necessary. 

e.  Must  be  protected  on  side  walls  from  mechanical  injury.  When  cross- 
ing floor-timbers  in  cellars  or  in  rooms,  where  they  might  be  exposed  to  injury, 
wires  must  be  attached  by  their  insulating  supports  to  the  under  side  of  a 
wooden  strip,  not  less  than  one-half  inch  in  thickness,  and  not  less  than  three 
inches  in  width. 

Suitable  protection  on  side  walls  may  be  secured  by  a  substantial  boxing,  retaining  an  air  space  of 
one  inch  around  the  conductor,  closed  at  the  top  (the  wires  passing  through  bushed  holes),  and  extend- 
ing not  less  than  five  feet  from  the  floor ;  or  by  an  iron-armored  or  metal-sheathed  insulating  conduit 
sufficiently  strong  to  withstand  the  strain  it  will  be  subjected  to ;  or  plain  metal  pipe,  lined  with  insu- 
lating tubing,  which  must  extend  one-half  inch  beyond  the  end  of  the  metal  tube. 

The  pipe  must  extend  not  less  than  five  feet  above  the  floor,  and  may  extend  through  the  floor  in 
place  of  a  floor  bushing. 

If  iron  pipes  are  used  with  alternating  currents,  the  two  or  more  wires  of  a  circuit  trntsi  be  placed 
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]n  the  same  conduit.    In  thb  case  the  insulation  of  each  wire  must  be  reinforced  by  a  tough  conduit 
tubing  projecting  beyond  the  ends  of  the  iron  pipe  at  least  two  inches. 

f.  When  run  immediately  under  roofs,  or  in  proximity  to  water  tanks  or 
pipes,  will  be  considered  as  exposed  to  moisture. 

SPECIAL   RULES. 
For  open  work: 
In  dry  places : 

g.  Must  have  an  approved  rubber  or  "slow-burning"  waterproof  insula- 
tion (see  Nos.  41  and  42). 

h.  Must  be  rigidly  supported  on  non-combustible,  non-absorptive  insula- 
tors, which  separate  the  wires  from  each  other  and  from  the  surface  wired 
over  in  accordance  with  following  table : 

OLTACB.  DISTANCE  FROM  SURPACR.  DISTANCK    BBTWBBN    WIRBS. 

0  to  226  \  inch.  2\  inches. 

225  "  650  1     "  4        " 

Rigid  supporting  requires  under  ordinary  conditions,  where  wiring  along  flat  surfaces,  supports  at 
least  every  four  and  one-half  feet.  If  the  wires  are  liable  to  be  disturbed,  the  distance  between  supports 
should  be  shortened.  In  buildings  of  mill  construction,  mains  of  No.  8  B.  &  S.  wire  or  over,  where  not 
liable  to  be  disturbed,  may  be  separated  about  four  inches,  and  run  from  timber  to  timber,  not  breaking 
around,  and  may  be  supported  at  each  timber  only. 

This  rule  will  not  be  interpreted  to  forbid  the  placing  of  the  neutral  of  a  three-wire  system  in  the 
center  of  a  three-wire  cleat,  provided  the  outside  wires  are  separated  in  accordance  with  above  taUe. 

///  damp  places,  such  as  Breweries,  Sugar  Houses,  Packing  Houses, 
Stables,  Dye  Houses,  Paper  or  Pulp  Mills,  or  buildings  specially 
liable  to  moisture  or  acid  or  other  fumes  liable  to  injure  the  wires  or 
their  insulation,  except  where  used  for  pendants  : 

i.   Must  have  an  approved  T\ihhtr  insulating  covering  (see  No.  41). 

/  Must  be  rigidly  supported  on  non-combustible,  non- absorptive  insula- 
tors, which  separate  the  wire  at  least  one  inch  from  the  surface  wired  over,  and 
they  must  be  kept  apart  at  least  two  and  one-half  inches. 

Rigid  supporting  requires  under  ordinary  condition?,  where  wiring  over  flat  surfaces,  supports  at 
least  every  four  and  one-half  feet.  If  the  wires  are  liable  to  be  disturbed,  the  distance  between  sup- 
potts  should  be  shortened.  In  buildings  of  mill  construction,  mains  of  No.  8  H.  &  S.  wire  or  over, 
where  not  liable  to  be  disturbed,  may  be  separated  about  four  inches,  and  run  from  timber  to  timber, 
not  breaking  around,  and  may  be  supported  at  each  timber  only. 

k.   Must  have  no  joints  or  splices. 
For  molding  work : 

/.   Must  have  approved xv^\ttx  insulating  covering  (.see  No.  41). 

///.   Must  never  be  placed  in  molding  in  concealed  or  damp  places. 
For  conduit  work : 

;/.   Must  have  an  approved  x\.'\i\^x  insulating  covering  (see  No.  47). 

o.  Must  not  be  drawn  in  until  all  mechanical  work  on  the  building  has 
been,  as  far  as  possible,  completed. 

p.  Must,  for  alternating  systems,  have  the  two  or  more  wires  of  a  circuit 
drawn  in  the  same  conduit. 

It  is  advised  that  this  be  done  for  direct-current  systems  also,  so  that  they  niay  he  changed  to 
alternating  systems  at  any  time,  induction  troubles  preventing  such  a  change  unless  this  construction  is 
followed. 
For  concealed  ' '  knob  and  tube  ' '  work  : 

q.   Must  have  an  approved  rubber  insulating  covering  (see  No.  41). 
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r.  Must  be  rigidly  supported  on  non-combustible,  non-absorptive  insula- 
tors which  separate  the  wire  at  least  one  inch  from  the  surface  wired  over,  and 
must  be  kept  at  least  ten  inches  apart,  and,  when  possible,  should  be  run  singly 
on  separate  timbers  or  studding. 

Rigid  supporting  requires  under  ordinary  owditions,  wliere  wiring  along  flat  surfaces,  supports  at 
least  every  four  and  one-half  feet.  If  the  wires  are  liable  to  be  disturbed,  the  distance  between  supports 
should  be  shortened. 

s.  When,  from  the  nature  of  the  case,  it  is  impossible  to  place  concealed 
wiring  on  non-combustible,  insulating  supports  of  glass  or  porcelain,  an  ap- 
proved armored  cable  with  single  or  twin  conductors  (see  No.  48)  may  be  used 
where  the  difference  of  potential  between  wires  is  not  over  300  volts,  provided  it 
is  installed  without  joints  between  outlets,  and  the  cable  armor  properly  enters 
ail  fittings  and  is  rigidly  secured  in  place ;  or,  if  the  difference  of  potential  be- 
tween wires  is  not  over  300  volts,  and  if  wires  are  not  exposed  to  moisture,  they 
may  be  fished  on  the  loop  system  if  separately  incased  throughout  in  approved 
flexible  tubing  or  conduits. 
For  flxtnre  work : 

t.  Must  have  an  appraised  rubber  insulating  covering  (see  No.  46),  and 
shall  not  be  less  in  size  than  No.  18  B.  &  S. 

u.  Supply  conductors,  and  especially  the  splices  to  fixture  wires,  must  be 
kept  clear  of  the  grounded  part  of  gas-pipes ;  and,  where  shells  are  used,  the 
latter  must  be  constructed  in  a  manner  affording  sufficient  area  to  allow  this 
requirement. 

V.  Must,  when  fixtures  are  wired  outside,  be  so  secured  as  not  to  be  cut  or 
abraded  by  the  pressure  of  the  fastenings  or  motion  of  the  fixture. 

25.  Interior  Conduits  — 

(See  also  Nos.  2A  n  to  py  and  49.) 

The  object  of  a  tube  or  conduit  is  to  facilitate  the  insertion  or  extraction  of  the  conductors  to  pro- 
tect them  from  mechanical  injury  and,  as  far  as  possible,  from  moisture.  Tubes  or  conduits  are  to  be 
considered  merely  as  raceways,  and  are  not  to  be  relied  upon  for  insulation  between  wire  and  wire,  or 
between  the  wire  and  the  ground. 

a.  No  conduit  tube  having  an  internal  diameter  of  less  than  five-eighths 
of  an  inch  shall  be  used.  (If  conduit  is  lined,  measurement  to  be  taken  inside 
of  lining.) 

d.  Must  be  continuous  from  one  junction  box  to  another  or  to  fixtures, 
and  the  conduit  tube  must  properly  enter  all  fittings. 

c.  Must  be  first  installed  as  a  complete  conduit  system,  without  the  con- 
ductors. 

d.  Must  be  equipped  at  every  outlet  with  an  approved  outlet  box. 

e.  Metal  conduits,  where  they  enter  junction  boxes,  and  at  all  other  out- 
lets, etc.,  must  be  fitted  with  a  capping  of  approved  insulating  material,  fitted 
so  as  to  protect  wire  from  abrasion. 

/.  Must  have  the  metal  of  the  conduit  permanently  and  effectively 
grounded. 

26.  Fixtures  — 

{See  also  No.  24  /  to  2/.) 

a.  Must,  when  supported  from  the  gas-piping  of  a  building,  be  insulated 
from  the  gas-pipe  system  by  means  of  approved  insulating  joints  (see  No.  69) 
placed  as  close  as  possible  to  the  ceiling. 

it  is  recommended  that  the  gas  outlet  pipe  be  protected  above  the  insulating  joint  by  a  non-com- 
bustible,  non-absorptive  insulating  tube,  having  a  flange  at  the  lower  end  where  it  comes  in  contact  with 
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the  insulating  joint ;  and  that,  where  outlet  tubes  are  used,  they  be  of  sufficient  length  to  extend  below 
the  insulating  joint,  and  that  they  be  so  secured  that  they  will  not  be  pushed  back  when  the  canopy  is 
put  in  place.  Where  iron  ceilings  are  used,  care  must  be  taken  to  see  that  the  canopy  is  thoroughly  and 
permanently  insulated  from  the  ceiling. 

b.  Must  have  all  burs,  or  fins,  removed  before  the  conductors  are  drawn 
into  the  fixture. 

c.  The  tendency  to  condensation  within  the  pipes  should  be  guarded 
against  by  sealing  the  upper  end  of  the  fixture. 

d.  No  combination  fixture  in  which  the  conductors  are  concealed  in  a  space 
less  than  one-fourth  inch  between  the  inside  pipe  and  the  outside  casing  will 
be  approved. 

e.  Must  be  tested  for  "contacts"  between  conductors  and  fixture,  for 
"short  circuits,"  and  for  ground  connections  before  it  is  connected  to  its 
supply  conductors. 

f.  Ceiling  blocks  for  fixtures  should  be  made  of  insulating  material ;  if  not 
the  wires  in  passing  through  the  plate  must  be  surrounded  with  non-combustible 
non-absorptive,  insulating  material,  such  as  glass  or  porcelain. 

g.  Under  no  conditions  shall  there  be  a  difference  of  potential  of  more 
than  300  volts  between  wires  contained  in  or  attached  to  the  same  fixture 

27.  Sockets  — 

{For  construction  ruUs^  see  No,  66.) 

a.  In  rooms  where  inflammable  gases  may  exist  the  incandescent  lamp 
and  socket  must  be  inclosed  in  a  vapor-tight  globe,  and  supported  on  a  pipe 
hanger,  wired  with  approved  rubber-covered  wire  (see  No.  41)  soldered  directly 
to  the  circuit. 

^.  In  damp  or  wet  places,  or  over  specially  inflammable  stuff,  waterproof 
sockets  must  be  used. 

When  waterproof  sockets  are  used,  they  should  be  hung  by  separate  stranded  rubber<overed 
wires,  not  smaller  than  No.  14  B.  &  S.,  which  should  preferably  be  twisted  together  when  the  drop  is 
over  three  feet.  These  wires  should  be  soldered  direct  to  the  circuit  wires,  but  supported  independently 
of  them. 

28.  Flexible  Cord  — 

a.  Must  have  an  approved  insulation  and  covering  (see  No.  45). 

b.  Must  not  be  used  where  the  difference  of  potential  between  the  two 
wires  is  over  300  volts. 

c.  Must  not  be  used  as  a  support  for  clusters. 

d.  Must  not  be  used  except  for  pendants,  wiring  of  fixtures,  and  portable 
lamps  or  motors. 

e.  Must  not  be  used  in  show  windows. 

y!  Must  be  protected  by  insulating  bushings  where  the  cord  enters  the 
socket 

g.  Must  be  so  suspended  that  the  entire  weight  of  the  socket  and  lamp  will 
be  borne  by  knots  under  the  bushing  in  the  socket,  and  above  the  point  where 
the  cord  comes  through  the  ceiling  block  or  rosette,  in  order  that  the  strain 
may  be  taken  from  the  joints  and  binding  screws. 

29.  Arc  Lights  on  Low-Potential  Circuits  — 

a.  Must  have  a  cutout  (see  No.  Via)  for  each  lamp  or  each  series  of 
lamps. 
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The  branch  conductors  should  have  a  cairying  capacity  about  fifty  per  cent  in  excess  of  the  normal 
current  required  by  the  lamp  to  provide  for  heavy  current  required  when  lamp  is  started  or  when  carbons 
become  stuck  without  overfusing  the  wires. 

b.  Must  only  be  furnished  with  such  resistances  or  regulators  as  are  in- 
closed in  non-combustible  material,  such  resistances  being  treated  as  sources 
of  heat.     Incandescent  lamps  must  not  be  used  for  resistance  devices. 

c.  Must  be  supplied  with  globes  and  protected  by  spark  arresters  and  wire 
netting  around  globe,  as  in  the  case  of  arc  lights  on  high-potential  circuits  (see 
Nos.  10  and  68). 

30.  Soonomy  Coils  — 

a.  Economy  and  compensator  coils  for  arc  lamps  must  be  mounted  on 
non-combustible,  non-absorptive  insulating  supports,  such  as  glass  or  porcelain^ 
allowing  an  air  space  of  at  least  one  inch  between  frame  and  support,  and  in 
general  to  be  treated  like  sources  of  heat. 

31.  Decorative  Series  Lamps  — 

a.  Incandescent  lamps  run  in  series  shall  not  be  used  for  decorative  pur- 
poses inside  of  buildings,  except  by  special  permission  in  writing  from  the 
Inspection  Department  having  jurisdiction. 

32.  CarWhing— 

a.  Must  be  always  run  out  of  reach  of  the  passengers,  and  must  have  an 
a/^<7t/^^  rubber-insulating  covering  (see  No.  41) 

33.  Car  Houses  — 

a.  Must  have  the  trolley  wires  securely  supported  on  insulating  hangers. 

b.  Must  have  the  trolley  hangers  placed  at  such  distance  apart  that,  in 
case  of  a  break  in  the  trolley  wire,  contact  cannot  be  made  with  the  floor. 

c.  Must  have  cutout  switch  located  at  a  proper  place  outside  of  the  build- 
ing, so  that  all  trolley  circuits  in  the  building  can  be  cut  out  at  one  point,  and 
line  circuit-breakers  must  be  installed,  so  that  when  this  cutout  switch  is  open 
the  trolley  wire  will  be  dead  at  all  points  within  100  feet  of  the  building.  The 
current  must  be  cut  out  of  the  building  whenever  the  same  is  not  in  use  or  the 
road  not  in  operation. 

d.  Must  have  all  lamps  and  stationary  motors  installed  in  such  a  way  that 
one  main  switch  can  control  the  whole  of  each  installation  —  lighting  or 
power  —  independently  of  main  feeder-switch.  No  portable  incandescent 
lamps  or  twin  wire  allowed,  except  that  portable  incandescent  lamps  may  be 
used  in  the  pits,  connections  to  be  made  by  two  approved  rubber-covered  flex- 
ible wires  (see  No.  41),  properly  protected  against  mechanical  injury  ;  the  cir- 
cuit to  be  controlled  by  a  switch  placed  outside  of  the  pit. 

e.  Must  have  all  wiring  and  apparatus  installed  in  accordance  with  rules 
under  Class  " C"  for  constant  potential  systems. 

/  Must  not  have  any  system  of  feeder  distribution  centering  in  the 
building. 

g.  Must  have  the  rails  bonded  at  each  joint  with  no  less  than  No.  2  B.  &  S. 
annealed  copper  wire,  also  a  supplementary  wire  to  be  run  for  each  track. 

h.  Must  not  have  cars  left  with  trolley  in  electrical  connection  with  the 
trolley  wire. 
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34.  Lighting  and  Power  from  Railway  Wires  — 

a.  Must  not  be  permitted,  under  any  pretense,  in  the  same  circuit  with 
trolley  wires  with  a  ground  return,  except  in  electric  railway  cars,  electric  car 
houses  and  their  power  stations ;  nor  shall  the  same  dynamo  be  used  for  both 
purposes. 

HIGH-POTENTIAL  SYSTEMS. 

650  TO  8,600  Volts. 
Any  circuit  attached  to  any  machine,  or  combination  of  machines,  which  de- 
velops a  difference  of  potential,  between  any  two  wires,  of  over  900  volts 
and  less  than  S,500  volts,  shall  be  considered  as  a  kigh-potential  circuit, 
and  as  coming  under  that  class,  unless  an  approved  transforming  device 
is  used,  which  cuts  the  difference  of  potential  down  to  300  volts  or  less, 

86.  Wires  — 

(See  also  Nos,  14,  16,  and  15.) 

a.  Must  have  an  approved  rubber-insulating  covering  (see  No.  41). 

b.  Must  be  always  in  plain  sight  and  never  incased,  except  where  required 
by  the  Inspection  Department  having  jurisdiction. 

c.  Must  be  rigidly  supported  on  glass  or  porcelain  insulators,  which  raise 
the  wire  at  least  one  inch  from  the  surface  wired  over,  and  must  be  kept  apart 
at  least  four  inches  for  voltages  up  to  760  and  at  least  eight  inches  for  voltages 
over  760. 

Rigid  supporting  requires  under  ordinary  conditions,  where  wiring  along  flat  surfaces,  8apport» 
at  least  about  every  four  and  one-half  feet.  If  the  wires  are  unusually  liable  to  be  disturbed,  the  dis- 
tance between  supports  should  be  shortened. 

In  buildings  of  mill  construction,  mains  of  No.  8  B.  &  S.  wire  or  over,  where  not  liable  to  be  dis- 
turbed, may  be  separated  about  six  inches  for  voltages  up  to  760  and  about  ten  inches  for  voltages  above 
760 ;  and  run  from  timber  to  timber,  not  breaking  around,  and  may  be  supported  at  each  timber  only. 

d.  Must  be  protected  on  side  walls  from  mechanical  injury  by  a  substantial 
boxing,  retaining  an  air  space  of  one  inch  around  the  conductors,  closed  at  the 
top  (the  wires  passing  through  bushed  holes)  and  extending  not  less  than  seven 
feet  from  the  floor.  When  crossing  floor-timbers,  in  cellars  or  in  rooms,  where 
they  might  be  exposed  to  injury,  wires  must  be  attached  by  their  insulating 
supports  to  the  under  side  of  a  wooden  strip  not  less  than  one-half  an  inch  m 
thickness. 

86.  Transformers  (when  permitted  inside  buildings,  see  No.  18)  — 

(For  construction  rules,  see  No.  62.) 

a.  Must  be  located  at  a  point  as  near  as  possible  to  that  at  which  the  pri- 
mary wires  enter  the  building. 

b.  Must  be  placed  in  an  inclosure  constructed  of  or  lined  with  fire-resisting 
material :  the  inclosure  to  be  u.sed  only  for  this  purpose,  and  to  be  kept  securely 
locked,  and  access  to  the  same  allowed  only  to  responsible  persons. 

c.  Must  be  effectually  insulated  from  the  ground,  and  the  inclosure  in 
which  they  are  placed  must  be  practically  air-tight,  except  that  it  shall  be 
thoroughly  ventilated  to  the  outdoor  air,  if  possible,  through  a  chimney  or  flue. 
There  should  be  at  least  six  inches  air  space  on  all  sides  of  the  transformer. 

87.  Series  Lamps  — 

a.  No  system  of  multiple-series  or  series-multiple  for  light  or  power  will 
be  approved. 

b.  Under  no  circumstances  can  lamps  be  attached  to  gas  fixtures. 
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SZTRA  HIGH-POTENTIAL  SYSTEMS. 
Over  8,500  Volts. 
Any  circuit  attacked  to  any  machine  or  combination  of  machines^  which  de. 
velops  a  difference  of  potential^  between  any  two  wires,  of  over  3,600 
volts,  shall  be  considered  as  an  extra  high-potential  circuit,  and  as 
coming  under  that  class,  unless  an  approved  transforming  device  is 
used,  which  cuts  the  difference  of  potential  down  to  8,600  volts  or  less, 

88.  Prinuiry  Wires  — 

a.   Must  not  be  brought  into  or  over  building,  except  power  and  substations. 

89.  Secondary  Wires — 

a.  Must  be  installed  under  rules  for  high-potential  systems,  when  their 
immediate  primary  wires  carry  a  current  of  over  8,600  volts,  unless  the  primary 
wires  are  entirely  underground,  within  city  and  village  limits. 

The  presence  of  wires  carrying  a  current  with  a  potential  of  over  3,500  volts  in  the  streets  of  cities, 
towns,  and  villages  is  considered  to  increase  the  fire  hazard.  Extra  high  potential  circuits  are  also 
objectionable  in  any  location  where  telephone,  telegraph,  and  similar  circuits  run  in  proximity  to  them. 
Ab  the  underwriters  have  no  jurisdiction  over  streets  and  roads  they  can  only  take  this  indirect  way  of 
discouraging  such  systems ;  but  further,  it  is  strongly  urged  that  municipal  authorities  absolutely  refuse 
to  grant  any  franchise  for  right  of  way  for  overhead  wires  carrying  a  current  of  extra  high  potential 
through  streets  or  roads  which  are  used  to  any  great  extent  for  public  travel  or  for  trunk-line,  telephone, 
or  telegraph  circuits. 


Class  D. 

FITTINGS,  MATERIALS,  AND   DETAILS   OF 
CONSTRUCTION. 

Aii  Systems  mnd  Voltages. 

Inanlated  Wires  —  Rules  40  to  48. 

40.  General  Rules  — 

a.  Copper  for  insulated  conductors  must  never  vary  in  diameter  so  as  to 
be  more  than  two  one-thousandths  of  an  inch  less  than  the  specified  size. 

b.  Wires  and  cables  of  all  kinds  designed  to  meet  the  following  specifica- 
tions must  be  plainly  tagged  or  marked  as  follows : 

1.  The  maximum  voltage  at  which  the  wire  is  designed  to  be  used. 

2.  The  words  "  National  Electrical  Code  Standard." 

8.   Name  of  the  manufacturing  company,  and,  if  desired,  trade-name  of 

the  wire. 
4.  Month  and  year  when  manufactured. 

41.  Rubber-Covered  — 

a.  Copper  for  conductors  must  be  thoroughly  tinned. 
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IntaUtion  for  voltages  between  o  and  600: 

b.   Must  be  of  rubber  or  other  approved  substance,  and  be  of  a  thickness 
not  less  than  that  given  in  the  following  table  for  B.  &  S.  gauge  sizes: 


From             18  to 

16,  inclusive 

,A- 

14  to 

8, 

A'' 

7  to 

2,        " 

A" 

1  to 

0000, 

A" 

0000  to 

600,000,  C.  M. 

A'' 

500,000  to  1,000,000,     " 

A'' 

Larger  than 

1,000,000,     " 

•  4" 

Measurements  of  insulating  wall  are  to  be  made  at  the  thinnest  portion  of 
the  dielectric. 

c.  The  completed  coverings  must  show  an  insulation  resistance  of  at  least 
100  megohms  per  mile  during  thirty  days'  immersion  in  water  at  seventy 
degrees  Fahrenheit. 

d.  Each  foot  of  the  completed  covering  must  show  a  dielectric  strength 
sufficient  to  resist  throughout  five  minutes  the  application  of  an  electro-motive 
force  of  3,000  volts  per  one-sixty-fourth  of  an  inch  thickness  of  insulation  under 
the  following  conditions ; 

The  source  of  alternating  electro-motive  force  shall  be  a  transformer  of  at 
least  one  kilowatt  capacity.  The  application  of  the  electro-motive  force  shall 
first  be  made  at  4,000  volts  for  five  minutes  and  then  the  voltage  increased  by 
steps  of  not  over  3,000  volts,  each  held  for  five  minutes,  until  the  rupture  of  the 
insulation  occurs.  The  tests  for  dielectric  strength  shall  be  made  on  a  sample 
of  wire  which  has  been  immersed  for  seventy-two  hours  in  water,  one  foot  of 
which  is  submerged  in  a  conducting  liquid  held  in  a  metal  trough,  one  of  the 
transformer  terminals  being  connected  to  the  copper  of  the  wire  and  the  other 
to  the  metal  of  the  trough. 

Insulations  for  voltages  between  600  and  3,500 : 

e.  The  thickness  of  the  insulating  walls  must  not  be  less  than  those  given 
in  the  following  table  for  6.  &  S.  gauge  sizes: 

From  14  to  1,  inclusive,    A" 

From  0  to  500,000,  C.  M.,  A"  covered  by  a  tape  or  a  braid. 

Larger  than  600,000,  C.  M.,  A"  covered  by  a  tape  or  a  braid. 

f.  The  requirements  as  to  insulation  and  break-down  resistance  for  wires 
for  low-potential  systems  shall  apply,  with  the  exception  that  an  insulation  re- 
sistance of  not  less  than  300  megohms  per  mile  shall  be  required. 

g.  Wire  for  arc-light  circuits  exceeding  3,600  volts  potential  shall  have  an 
insulating  wall  not  less  than  six-thirty-seconds  of  an  inch  in  thickness,  and, 
shall  withstand  a  break-down  test  of  at  least  30,000  volts  and  have  an  insula- 
tion of  at  least  600  megohms  per  mile. 

The  tests  on  this  wire  to  be  made  under  the  same  conditions  as  for  low- 
potential  wires. 

Specifications  for  insulations  for  alternating  currents  exceeding  S^SOO  volts  have  been  considered, 
but  on  account  of  the  somewhat  complex  conditions  in  such  work,  it  has  so  far  been  deemed  inexpedient 
to  specify  general  insulations  for  this  use. 
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h.  All  of  the  above  insulations  must  be  protected  by  a  substantial  braided 
covering  properly  saturated  with  a  preservative  compound  and  sufficiently 
strong  to  withstand  all  the  abrasion  lilcely  to  be  met  with  in  practice,  and 
sufficiently  elastic  to  permit  all  wires  smaller  than  No.  7  B.  &  S.  gage  to  be 
bent  around  a  cylinder  with  twice  the  diameter  of  the  wire,  without  injury  to 
the  braid. 

42.  Slow-boming  Weatherproof — 

a.  The  insulation  shall  consist  of  two  coatings,  the  inner  one  to  be  fire- 
proof in  character,  the  outer  to  be  weatherproof.  The  inner  fireproof  coating 
must  comprise  at  least  six-tenths  of  the  total  thickness  of  the  wall.  The  com- 
pleted covering  must  be  of  a  thickness  not  less  than  that  given  in  the  following 
table  for  B.  &  S.  gauge  sizes : 


From 

14  to 

8, 

inclusive, 

,A" 

»t 

7to 

2, 

A'' 

tt 

2  to 

0000, 

A' 

ii 

0000  to 

500,000, 

C.  M., 

A' 

t( 

600,000  to  1,000,000, 

»( 

A" 

Larger 

than 

1,000,000, 

i( 

4" 

Measurements  of  insulating  wall  are  to  be  made  at  the  thinnest  portion  of 
the  dielectric. 

b.  The  inner  fireproof  coating  shall  be  layers  of  cotton  or  other  thread,  the 
outer  one  of  which  must  be  braided.  All  the  interstices  of  these  layers  are  to 
be  filled  with  the  fireproofing  compound.  This  is  to  be  material  whose  solid 
constituent  is  not  susceptible  to  moisture,  and  which  will  not  burn  even  when 
ground  in  an  oxidizable  oil,  making  a  compound  which,  while  proof  against 
fire  and  moisture,  at  the  same  time  has  considerable  elasticity,  and  which  when 
dry  will  suffer  no  change  at  a  temperature  of  250  degrees  Fahrenheit,  and 
which  will  not  burn  at  even  higher  temperature. 

c.  The  weatherproof  coating  shall  be  a  stout  braid  thoroughly  saturated 
with  a  dense  moistureproof  compound  thoroughly  slicked  down,  applied  in 
such  manner  as  to  drive  any  atmospheric  moisture  from  the  cotton  braiding, 
thereby  securing  a  covering  to  a  great  degree  waterproof  and  of  high  insulat- 
ing power.  This  compound  to  retain  its  elasticity  at  zero  Fahrenheit,  and 
not  to  drip  at  160  degrees  Fahrenheit. 

This  wire  is  not  as  buraable  as  the  old  "  weatherproof,"  nor  as  subject  to  softening  under  heat» 
hut  still  is  able  to  repel  the  ordinary  amount  of  moisture  found  indoors.  It  would  not  usually  be  used 
for  outside  work. 

4:].  Slow-burning  — 

a.  The  insulation  shall  be  the  same  as  the  "slow-burning  weatherproof," 
except  that  the  outer  braiding  shall  be  impregnated  with  a  fireproofing  com- 
pound similar  to  that  required  for  the  interior  layers,  and  with  the  outer  sur- 
face finished  smooth  and  hard. 

This  "  slow-buminj;  "  wire  shall  only  be  used  with  special  permission  <»f  the  Inspection  Dei>art- 
ment  having  jurisdiction. 

This  is  practically  the  old  "  Underwriters' "  insulation.  It  is  specially  useful  in  hot ,  dry  placea 
where  ordinary  insulations  would  perish,  also  where  wires  are  bunched,  as  on  the  back  of  a   large 
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switchboard  or  in  a  wire  tower,  so  that  the  accamulation  of  rubber  or  weatherproof  inaalation  would 
result  in  an  objectionably  large  mass  of  highly  infiammable  material. 

Its  use  is  restricted,  as  its  insulating  qualities  are  not  high  and  are  damaged  by  moisture. 

44.  Weatherproof  — 

a.  The  insulating  covering  shall  consist  of  at  least  three  braids  thoroughly 
impregnated  with  a  dense  moisture  repellent,  which  will  not  drip  at  a  temper- 
ature lower  than  180  degrees  Fahrenheit.  The  thickness  of  insulation  shall  be 
not  less  than  that  of  *'  slow-burning  weatherproof."  The  outer  surface  shall 
be  thoroughly  slicked  down." 

This  wire  is  for  outdoor  use  where  moisture  is  certain  and  where  fireproof  qualities  are  not  neces- 
sary. 

45.  Flexible  Cord  — 

a.  Must  be  made  of  stranded  copper  conductors,  each  strand  to  be  not 
larger  than  No.  26  or  smaller  than  No.  30  B.  &  S.  gauge,  and  each  stranded 
conductor  must  be  covered  by  an  approved  insulation  and  protected  from 
mechanical  injury  by  a  tough  braided  outer  covering. 

Por  pendent  lamps : 

In  this  class  is  to  be  included  all  flexible  cord  which  under  usual  condi- 
tions hangs  freely  in  air,  and  which  is  not  likely  to  be  moved  sufficiently  to 
come  in  contact  with  surrounding  objects. 

b.  Each  stranded  conductor  must  have  a  carrying  capacity  equivalent  to 
not  less  than  a  No.  18  B.  &  S.  gauge  wire. 

c.  The  covering  of  each  stranded  conductor  must  be  made  up  as  follows  : 

1.  A  tight,  close  wind  of  fine  cotton. 

2.  The  insulation  proper,  which  shall  be  either  waterproof  or  slow- 

burning. 
8.  An  outer  cover  of  silk  or  cotton. 

The  wind  of  cotton  tends  to  prevent  a  broken  strand  puncturing  the  insulation  and  causing  a 
short  circuit.    It  also  keeps  the  rubber  from  corroding  the  copper. 

d.  Waterproof  insulation  must  be  solid,  at  least  one-thirty-second  of  an 
inch  thick,  and  must  show  an  insulation  resistance  of  fifty  megohms  per  mile 
throughout  two  weeks'  immersion  in  water  at  70  degrees  Fahrenheit,  and  stand 
the  tests  prescribed  for  low-tension  wires  as  far  as  they  apply. 

e.  Slow-burning  insulation  must  be  at  least  one-thirty-second  of  an  inch  in 
thickness,  and  composed  of  substantial,  elastic,  slow-burning  materials,  which 
will  suffer  no  damage  at  a  temperature  of  260  degrees  Fahrenheit. 

f.  The  outer  protecting  braiding  should  be  so  put  on  and  sealed  in  place 
that  when  cut  it  will  not  fray  out,  and  where  cotton  is  used,  it  should  be  im- 
pregnated with  a  flameproof  paint,  which  will  not  have  an  injurious  effect  on 
the  insulation. 

For  portables : 

In  this  class  is  included  all  cord  used  on  portable  lamps,  small  portable 
motors,  etc. 

g.  Flexible  cord  for  portable  use  must  have  waterproof  insulation  as 
required  in  section  d  for  pendent  cord,  and  in  addition  be  provided  with  a  rein- 
forcing cover  especially  designed  to  withstand  the  abrasion  it  will  be  subject 
to  in  the  uses  to  which  it  is  to  be  put. 
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For  portable  beatiBf  appaimtva : 

h.  Must  be  made  up  as  follows :  — 

1.  A  tight,  close  wind  of  fine  cotton. 

2.  A  thin  layer  of  rubber  about  one-one-hundredth  of  an  inch  thick,  or 

other  cementing  material. 

3.  A  layer  of  asbestos  insulation  at  least  three-sixty-fourths  of  an  inch 

thick. 

4.  A  stout  braid  of  cotton. 

6.  An  outer  reinforcing  cover  especially  designed  to  withstand  abrasion. 

This  cord  is  in  no  sense  waterproof,  the  thin  layer  of  rubber  being  spedlied  in  order  that  it  may 
scrre  merely  as  a  seal  to  help  hold  in  place  the  fine  cotton  and  asbestos,  and  it  should  be  so  put  on  as  to- 
accomplish  this. 

46.  Fixture  Wire  — 

a.  Must  have  a  solid  insulation,  with  a  slow-burning,  tough,  outer  cover- 
ing, the  whole  to  be  at  one-thirty-second  of  an  inch  in  thickness,  and  show  an 
insulation  resistance  between  conductors,  and  between  either  conductor  and 
the  ground,  of  at  least  one  megohm  per  mile,  after  one  week's  submersion  in 
water  at  seventy  degrees  Fahrenheit,  and  after  three  minutes'  electrification^ 
with  660  volts. 

47.  CondnitWire  — 

Must  comply  with  the  following  specifications: 

a.  For  metal  conduits,  having  a  lining  of  insulating  material,  single  wire» 
must  comply  with  No.  41,  and  all  duplex,  twin,  and  concentric  conductors  must 
comply  with  No.  41,  and  must  also  have  each  conductor  separately  braided  or 
taped  and  a  substantial  braid  covering  the  whole. 

b.  For  unlined  metal  conduits,  conductors  must  conform  to  the  specifica- 
tions given  for  lined  conduits,  and  in  addition  have  a  second  outer  fibrous 
covering  at  least  one-thirty-second  of  an  inch  in  thickness,  and  sufficiently 
tenacious  to  withstand  the  abrasion  of  being  hauled  through  the  metal 
conduit 

The  braid  required  around  each  conductor  in  duplex,  twin,  and  concentric  cables  is  to  hold  the 
rubber  insulation  in  place  and  prevent  jamming  and  flattening. 

48.  Armored  Cable  — 

a.  The  armor  of  such  cables  must  be  at  least  equal  in  thickness  and  of 
equal  strength  to  resist  penetration  by  nails,  etc.,  as  the  armor  of  metal  cover- 
ings of  metal  conduits  (see  Nx>.  49  b), 

b.  The  conductors  in  same,  single  wire  or  twin  conductors,  must  have  an 
insulating  covering  as  required  by  No.  41,  any  filler  used  to  secure  a  round 
exterior  must  be  impregnated  with  a  moisture  repellent,  and  the  whole  bunch 
of  conductors  and  fillers  must  have  a  separate  exterior  covering  of  insulating 
material  at  least  one-thirty-second  of  an  inch  in  thickness,  conforming  to  the 
insulation  standard  given  in  No.  41,  and  covered  with  a  substantial  braid. 

Very  reliable  insulation  is  specified,  as  such  cables  are  liable  to  hard  usage,  and  in  part  of  their 
lenjrth  may  be  subject  to  moisture,  while  they  may  not  be  easily  removable,  so  that  a  breakdown  of 
insulation  is  likely  to  be  expensive. 
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49.  Interior  Condnits  — 

{For  wiring  rules^  see  Aos.  24  and  £S,) 

a.  Each  length  of  conduit,  whether  insulated  or  uninsulated,  must  have 
the  maker's  name  or  initials  stamped  in  the  metal  or  attached  thereto  in  a 
satisfactory  manner,  so  that  the  inspectors  can  readily  see  tlie  same. 

Metal  Conduits  with  Lining  of  Insulating  Material. 

d.  The  metal  covering  or  pipe  must  be  equal  in  strength  to  the  ordinary 
commercial  forms  of  gas-pipe  of  the  same  size,  and  its  thickness  must  be  not 
less  than  that  of  standard  gas-pipe,  as  shown  by  the  following  table : 

Siie.  Thickness  of  Site.  Thickness  of 

Inches.  WaU  — Inches^  Inches.  Wall- inches, 

i  .109                                 H                 .140 

I  .111                                  H                  .146 

f  .113                                  2                    .164 

1  .134 

An  allowance  of  two-one-hundred ths  of  an  inch  for  variation  in  manufac- 
turing and  loss  of  thickness  by  cleaning  will  be  permitted. 

c.  Must  not  be  seriously  affected  externally  by  burning  out  a  wire  inside 
the  tube  when  the  iron  pipe  is  connected  to  one  side  of  the  circuit. 

d.  Must  have  the  insulating  lining  firmly  secured  to  the  pipe. 

e.  The  insulating  lining  must  not  crack  or  break  when  a  length  of  the 
conduit  is  uniformly  bent  at  temperature  of  212  degrees  Fahrenheit  to  an  angle 
of  ninety  degrees,  with  a  curve  having  a  radius  of  fifteen  inches,  for  pipes  of 
one  inch  and  less,  and  fifteen  times  the  diameter  of  pipe  for  larger  pipes. 

/,  The  insulating  lining  must  not  soften  injuriously  at  a  temperature 
below  212  degrees  Fahrenheit,  and  must  leave  water  in  which  it  is  boiled 
practically  neutral. 

g.  The  insulating  lining  must  be  at  least  one-thirty-.second  of  an  inch  in 
thickness,  and  the  materials  of  which  it  is  composed  must  be  of  such  a  nature 
as  will  not  have  a  deteriorating  effect  on  the  insulation  of  the  conductor,  and 
be  sufficiently  tough  and  tenacious  to  withstand  the  abrasion  test  of  drawing 
long  lengths  of  conductors  in  and  out  of  same. 

A.  The  insulating  lining  must  not  be  mechanically  weak  after  three  days* 
submersion  in  water,  and  when  removed  from  the  pipe  entire  must  not  absorb 
more  than  ten  per  cent  of  its  weight  of  water  during  100  hours  of  submersion. 

2.  All  elbows  or  bends  must  be  so  made  that  the  conduit  or  lining  of  same 
will  not  be  injured.  The  radius  of  the  curve  of  the  inner  edge  of  any  elbow 
not  to  be  less  than  three  and  one-half  inches.  Must  have  not  more  than  the 
equivalent  of  four  quarter  bends  from  outlet  to  outlet,  the  bends  at  the  outlets 
not  being  counted. 

Unlined  Metal  Conduits. 

j\  Plain  iron  or  steel  pipes  of  equal  thickness  and  strengths  specified  for 
lined  conduits  in  No.  49  d  may  be  used  as  conduits,  provided  their  interior  sur- 
faces are  smooth  and  free  from  burs ;  pipe  to  be  galvanized,  or  the  interior 
surfaces  coated  or  enameled,  to  prevent  oxidation,  with  some  substance  which 
will  not  soften  so  as  to  become  sticky  and  prevent  wire  from  being  withdrawn 
from  the  pipe. 
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k,  AH  elbows  or  bends  must  be  so  made  that  the  conduit  will  not  be 
injured.  The  radius  of  the  curve  of  the  inner  edge  of  any  elbow  not  to  be  less 
than  three  and  one-half  inches.  Must  have  not  more  than  the  equivalent  of 
four  quarter  bends  from  outlet  to  oudet,  the  bends  at  the  outlet  not  being 
counted. 

^.   Wooden  Moldings  — 

{For  wiring  ruUs^  see  No,  ^4-) 

a.  Must  have,  both  outside  and  inside,  at  least  two  coats  of  waterproof 
paint,  or  be  impregnated  with  a  moisture  repellent. 

d.  Must  be  made  of  two  pieces,  a  backing  and  capping  so  constructed  as 
to  thoroughly  incase  the  wire,  and  provide  a  one-half-inch  tongue  between  the 
conductors,  and  a  solid  backing,  which,  under  grooves,  shall  not  be  less  than 
three-eighths  of  an  inch  in  thickness,  and  must  afford  suitable  protection  from 
abrasion. 

It  U  recommended  that  only  hardwood  molding  be  used. 

61.  Switches— 

(SeeNos.  17  and  22,) 

a.  Must  be  mounted  on  non-combustible,  non-absorptive,  insulating  bases, 
such' as  slate  or  porcelain. 

b.  Must  have  carrying  capacity  sufficient  to  prevent  undue  heating. 

c.  Must,  when  used  for  service  switches,  indicate,  on  inspection,  whether 
the  current  be  "  on "'  or  "  off." 

d.  Must  be  plainly  marked,  where  it  will  always  be  visible,  with  the  name 
of  the  maker  and  the  current  and  voltage  for  which  the  switch  is  designed. 

e.  Must,  for  constant  potential  systems,  operate  successfully  at  fifty  per 
cent  overload  in  amperes,  with  twenty-five  per  cent  excess  voltage  under  the 
most  severe  conditions  they  are  liable  to  meet  with  in  practice. 

/.  Must,  for  constant  potential  systems,  have  a  firm  and  secure  contact ; 
must  make  and  break  readily,  and  not  stop  when  motion  has  once  been 
imparted  by  the  handle. 

g.  Must,  for  constant  current  systems,  close  the  main  circuit  and  discon- 
nect the  branch  wires  when  turned  "  off " ;  must  be  so  constructed  that  they 
shall  be  automatic  in  action,  not  stopping  between  points  when  started,  and 
must  prevent  an  arc  between  the  points  under  all  circumstances.  They  must 
indicate,  upon  inspection,  whether  the  current  be  "on"  or  "  off." 

62.  Cutouts  and  Circuit-Breakers  — 

(For  installation  rules ^  see  Nos,  17  and  21,) 

a.  Must  be  supported  on  bases  of  non-combustible,  non-absorptive  insu^ 
lating  material. 

b.  Cutouts  must  be  provided  with  covers,  when  not  arranged  in  approved 
cabinets,  so  as  to  obviate  any  danger  of  the  melted  fuse  metal  coming  in  con- 
tact with  any  substance  which  might  be  ignited  thereby. 

c.  Cutouts  must  operate  successfully,  under  the  most  severe  conditions 
they  are  liable  to  meet  with  in  practice,  on  short  circuits  with  fuses  rated  at 
fifty  per  cent  above,  and  with  a  voltage  twenty-five  per  cent  above  the  current 
and  voltage  for  which  they  are  designed. 
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d.  Circuit-breakers  must  operate  successfully,  under  the  most  severe  con- 
ditions they  are  liable  to  meet  with  in  practice,  on  short  circuits  when  set  at 
fifty  per  cent  above  the  current,  and  with  a  voltage  twenty-five  per  cent  above 
that  for  which  they  are  designed. 

e.  Must  be  plainly  marked,  where  it  will  always  be  visible,  with  the  name 
of  the  maker,  and  current  and  voltage  for  which  the  device  is  designed. 

63..  Fuses  — 

(For  installation  rules,  see  Nos.  17  andSl.) 

a.  Must  have  contact  surfaces  or  tips  of  harder  metal  having  perfect 
electrical  connection  with  the  fusible  part  of  the  strip. 

b.  Must  be  stamped  with  about  eighty  per  cent  of  the  maximum  current 
they  can  carry  indefinitely,  thus  allowing  about  twenty-five  per  cent  overload 
before  fuse  melts. 

With  naked  open  fuses,  of  ordinary  shapes  and  not  over  600  amperes  capacity,  the  maximum  cur- 
rent which  will  melt  them  in  about  five  minutes  may  be  safely  taken  as  the  melting  point,  as  the  fuse 
practically  reaches  its  maximum  temperature  in  this  time.  With  larger  fuses  a  longer  time  is 
necessary. 

Inclosed  fuses  where  the  fuse  is  often  in  contact  with  substances  having  good  conductivity  to  heat 
and  often  of  considerable  volume,  require  a  much  longer  time  to  reach  a  maximum  temperature,  on 
account  of  the  surrounding  material  which  heats  up  slowly. 

Tliese  data  are  given  to  facilitate  testing. 

c.  Fuse  terminals  must  be  stamped  with  the  maker's  name,  initials,  or 
some  known  trade-mark. 


64.  Cutout  Cabinets  — 

a.  Must  be  so  constructed,  and  cutouts  so  arranged,  as  to  obviate  any 
danger  of  the  melted  fuse  metal  coming  in  contact  with  any  substance  which 
might  be  ignited  thereby. 

A  suitable  box  can  be  made  of  marble,  slate,  or  wood,  strongly  put  together,  the  door  to  close 
against  a  rabbet  so  as  to  be  perfectly  dust-tight,  and  it  should  be  hung  on  strong  hinges,  and  held 
closed  by  a  strong  hook  or  catch.  If  the  box  is  wood,  the  inside  should  be  lined  with  sheets  of  asbestos 
board  about  one-sixteenth  of  an  inch  in  thickness,  neatly  put  on  and  firmly  secured  in  place  by  shellac 
and  tacks.  The  wire  should  enter  through  holes  bushed  with  porcelain  bushings ;  the  bushings  tightly 
fitting  the  holes  in  the  box,  and  the  wires  tightly  fitting  the  bushings  (using  tape  to  build  up  the  wire,  if 
necessary)  so  as  to  keep  out  the  dust. 

66.  Sockets  — 

(See  No.  S7.) 

Sockets  of  all  kinds,  including  wall  receptacles,  must  be  constructed  in 
accordance  with  the  following  specifications :  — 

a.  Standard  Sizes. —  The  standard  lamp  socket  shall  be  suitable  for 
use  on  any  voltage  not  exceeding  260  and  with  any  size  lamp  up  to  fifty  candle- 
power.  For  lamps  larger  than  fifty  candle-power  a  standard  keyless  socket 
may  be  used,  or  if  a  key  is  required,  a  special  socket  designed  for  the  current  to 
be  used  must  be  made.  Any  special  sockets  must  follow  the  general  spirit  of 
these  specifications. 

d.  Marking.  —  The  standard  socket  must  be  plainly  marked  fifty  candle- 
power,  250  volts,  and  with  either  the  manufacturer's  name  or  registered  trade- 
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mark.    Special  large  sockets  must  be  marked  with  the  current  and  voltage  for 
which  they  are  designed. 

c.  Shell. —  Metal  used  for  shells  must  be  moderately  hard,  but  not  hard 
enough  to  be  brittle  or  so  soft  as  to  be  easily  dented  or  knocked  out  of  place. 
Brass  shells  must  be  at  least  0.013  inch  in  thickness,  and  shells  of  any  other 
material  must  be  thick  enough  to  give  the  same  stiffness  and  strength  of 
brass. 

d.  Lining. —  The  inside  of  the  shells  must  be  lined  with  insulating 
material,  which  shall  absolutely  prevent  the  shell  from  becoming  a  part  of  the 
circuit,  even  though  the  wires  inside  the  socket  should  start  from  their  position 
under  binding  screws. 

The  material  used  for  lining  must  be  at  least  one-thirty-second  of  an  inch 
in  thickness,  and  must  be  tough  and  tenacious.  It  must  not  be  injuriously 
affected  by  the  heat  from  the  largest  lamp  permitted  in  the  socket,  and  must 
leave  the  water  in  which  it  is  boiled  practically  neutral.  It  must  be  so  firmly 
secured  to  the  shell  that  it  will  not  fall  out  with  ordinary  handling  of  the  socket 
It  is  preferable  to  have  the  lining  in  one  piece. 

e.  Cap. —  Caps  when  of  sheet  brass  must  be  at  least  0.013  inch  in  thickness, 
and  when  cast  or  made  of  other  metals  must  be  of  equivalent  strength.  The 
inlet  piece,  except  for  special  sockets,  must  be  tapped  and  threaded  for 
ordinary  one-eighth-inch  pipe.  It  must  contain  sufficient  metal  for  a  full, 
strong  thread,  and,  when  not  of  the  same  piece  as  the  cap,  must  be  joined  to  it 
in  a  way  to  give  the  strength  of  a  single  piece. 

There  must  be  sufficient  room  in  the  cap  to  enable  the  ordinary  wireman 
to  easily  and  quickly  make  a  knot  in  the  cord  and  push  it  into  place  in  cap 
without  crowding.  All  parts  of  the  cap  upon  which  the  knot  is  likely  to  bear 
must  be  smooth  and  well  insulated. 

f.  Frame  and  Screws. —  The  frame  holding  moving  parts  must  be 
sufficiently  heavy  to  give  ample  strength  and  stiffness. 

Brass  pieces  containing  screw  threads  must  be  at  least  0.06  of  an  inch  in 
thickness. 

Binding  post  screws  must  not  be  smaller  than  No.  6  wire  and  about  forty 
threads  per  inch. 

g.  Spacing. —  Points  of  opposite  popularity  must  everywhere  be  kept  not 
less  than  three-sixty-fourths  of  an  inch  apart  unless  separated  by  a  reliable 
insulation. 

h.  Connections. —  The  connecting  points  for  the  flexible  cord  must  be 
made  to  very  securely  grip  a  No.  16  or  18  B.  &  S.  conductor.  A  turned-up 
lug,  arranged  so  that  the  cord  may  be  gripped  between  the  screw  and  the  lug  in 
such  a  way  that  it  cannot  possibly  come  out,  is  strongly  advised. 

i.  Lamp  Holder. —  The  socket  must  firmly  hold  the  lamp  in  place  so  that 
it  cannot  be  easily  jarred  out,  and  must  provide  a  contact  good  enough  to  pre- 
vent undue  heating  with  maximum  current  allowed.  The  holding  pieces, 
springs  and  the  like,  if  a  part  of  the  circuit,  must  not  be  sufficiently  exposed  to 
allow  them  to  be  brought  in  contact  with  anything  outside  of  lamp  and 
socket. 

j.  Base. —  The  inside  parts  of  the  socket,  which  are  of  insulating  material, 
except  the  lining,  must  be  made  of  porcelain. 

k.  Key. —  The  socket  key-handle  must  be  of  such  a  material  that  it  will 
not  soften  from  the  heat  of  a  fifty  candle-power  lamp  hanging  downwards  in 
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air  at  seventy  degrees  Fahrenheit  from  the  socket,  and  must  be  securely, 
but  not  necessarily  rigidly,  attached  to  the  metal  spindle  it  is  designed  to 
turn. 

/.  Sealing. —  All  screws  in  porcelain  pieces,  which  can  be  firmly  sealed 
in  place,  must  be  so  sealed  by  a  waterproof  compound  which  will  not  melt  • 
below  200  degrees  Fahrenheit 

m.  Putting  Together.  —  The  socket  must,  as  a  whole,  be  so  put 
together  that  it  will  not  rattle  to  pieces.  Bayonet  joints  or  equivalent  arc 
recommended. 

n.  Test.—  The  socket  when  slowly  turned  "  on  and  off,"  at  the  rate  of 
about  two  or  three  times  per  minute,  must  "make  and  break"  the  circuit 
6,000  times  before  failing,  when  carrying  a  load  of  one  ampere  at  220  volts. 

o.  Keyless  Sockets.  —  Keyless  sockets  of  all  kinds  must  comply  ^ith 
requirements  for  key  sockets  as  far  as  they  apply. 

p.  Sockets  of  Insulating  Materials.  — Sockets  made  of  porcelain 
or  other  insulating  material  must  conform  to  the  above  requirements  as  far  as 
they  apply,  and  all  parts  must  be  strong  enough  to  withstand  a  moderate 
amount  of  hard  usage  without  breaking. 

q.  Inlet  Bushing. —  When  the  socket  is  not  attached  to  fixtures  the 
threaded  inlet  must  be  provided  with  a  strong  insulating  bushing,  having  a 
smooth  hole  of  at  least  fifteen-sixty-fourths  of  an  inch  in  diameter.  The 
corners  of  the  bushing  must  be  rounded  and  all  inside  fins  removed,  so  that  in 
no  place  will  the  cord  be  subjected  to  the  cutting  or  wearing  action  of  a  sharp 
edge. 

66.  Hanger-boards  — 

a.  Hanger-boards  must  be  so  constructed  that  all  wires  and  current-carry- 
ing devices  thereon  shall  be  exposed  to  view,  and  thoroughly  insulated  by  being 
mounted  on  a  non-combustible,  non-absorptive  insulating  substance.  All 
switches  attached  to  the  same  must  be  so  constructed  that  they  shall  be 
automatic  in  their  action,  cutting  off  both  poles  to  the  lamp,  not  stopping 
between  points  when  started,  and  preventing  an  arc  between  points  under  all 
circumstances. 

57.  Arc  Lamps  — 

(For  installation  rules^  see  No.  19.) 

a.  Must  be  provided  with  reliable  stops  to  prevent  carbons  from  falling 
out  in  case  the  clamps  become  loose. 

b.  Must  be  carefully  insulated  from  the  circuit  in  all  their  exposed  parts. 

c.  Must,  for  constant-current  systems,  be  provided  with  an  approved  hand 
switch,  also  an  automatic  switch  that  will  shunt  the  current  around  the  carbons, 
should  they  fail  to  feed  properly. 

The  hand  switch  to  be  approved,  if  placed  anywhere  except  on  the  lamp 
itself,  must  comply  with  requirements  for  switches  on  hanger-boards  as  laid 
down  in  No.  66. 

58.  Spark  Aixwters  — 

{See  No,  19  c) 

a.  Spark  arresters  must  so  close  the  upper  orifice  of  the  globe  that  it  wU> 
be  impossible  for  any  sparks  thrown  off  by  the  carbons  to  escape. 
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69.  InsnUtiiie  Jointa — 

(See  No.  tB  ^ .) 

a.  Must  be  entirely  made  of  material  that  will  resist  the  action  of  illumi- 
nating gases,  and  will  not  give  way  or  soften  under  the  heat  of  an  ordinary  gas 
flame  or  leak  under  a  moderate  pressure.  They  shall  be  so  arranged  that  a 
deposit  of  moisture  will  not  destroy  the  insulating  effect,  and  shall  have  an 
insulating  resistance  of  at  least  260,000  ohms  between  the  gas^pipe  attachments, 
and  be  sufficiently  strong  to  resist  the  strain  they  will  be  liable  to  be  subjected 
to  in  being  installed. 

b.  Insulating  joints  having  soft  rubber  in  their  construction  will  not  be 
approved. 

60.  Resistance  Boxes  and  Equalizers  — 

(For  installation  rules ^  see  No,  4) 
a.  Must  be  equipped  with  metal,  or  with  other  non-combustible  frames. 

The  word  *'  frame  "  in  this  section  relates  to  the  entire  case  and  sorroundings  of  the  rheostat,  and  not 
alone  to  the  upholding  supports. 

61.  Reactive  Coils  and  Condensers  — 

a.  Reactive  coils  must  be  made  of  non-combustible  material,  mounted  on 
non-combustible  bases,  and  treated,  in  general,  like  sources  of  heat. 

b.  Condensers  must  be  treated  like  apparatus  operating  with  equivalent 
voltage  and  currents.  They  must  have  non-combustible  cases  and  supports, 
and  must  be  isolated  from  all  combustible  materials,  and,  in  general,  treated 
like  sources  of  heat 

62.  Transformers  — 

(For  installation  rules ^  see  Nos.  11,  IS,  and  S3.) 

a.  Must  not  be  placed  in  any  but  metallic  or  other  non-combustible 
cases.  I 

b.  Must  be  constructed  to  comply  with  the  following  tests : 

1.  Shall  be  run  for  eight  consecutive  hours  at  full  load  in  watts  under 

conditions  of  service,  and  at  the  end  of  that  time  the  rise  in  tem- 
perature, as  measured  by  the  increase  of  resistance  of  the  primary 
coil,  shall  not  exceed  135  degrees  Fahrenheit. 

2.  The  insulation  of  transformers  when  heated  shall  withstand  continu- 

ously for  five  minutes  a  difference  of  potential  of  10,000  volts 
(alternating)  between  primary  and  secondary  coils  and  core,  and 
between  the  primary  coils  and  core  and  a  no-load  **  run  *'  at  double 
voltage  for  thirty  minutes. 

6:1  Lightning  Arresters  — 

(For  installation  ruleSy  See  No,  6.) 

a.  Must  be  mounted  on  non-combustible  bases,  and  must  be  so  constructed 
as  not  to  maintain  an  arc  after  the  discharge  has  passed,  and  must  have  no 
moving  parts. 
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Class  E. 
MISCELLANEOUS. 

64.  Signaling  Siratems  (governing  wiring  for  telephone,  telegraph,  district 
messenger,  and  call-bell  circuits,  fire  and  burglar  alarms,  and  all  similar 
systems)  — 

a.  Outside  wires  should  be  run  in  underground  ducts  or  strung  on  poles 
and,  as  far  as  possible,  kept  off  of  buildings,  and  must  not  be  placed  on  the 
same  cross-arm  with  electric  light  or  power  wires. 

b.  When  outside  wires  are  run  on  same  pole  with  electric  light  or  power 
wires,  the  distance  between  the  two  inside  pins  of  each  cross-arm  must  not  be 
less  than  twenty-six  inches. 

c.  All  aerial  conductors  and  underground  conductors  which  are  directly 
connected  to  aerial  wires  must  be  provided  with  some  approved  protective  de- 
vice, which  shall  be  located  as  near  their  point  of  entrance  to  the  building  as 
possible,  and  not  less  than  six  inches  from  curtains  or  other  inflammable 
material. 

d.  \i  the  protector  is  placed  inside  of  building,  wires,  from  outside  sup- 
port to  binding-posts  of  protector,  shall  comply  with  the  following  require- 
ments : 

1.  Must  be  of  copper,  and  not  smaller  than  No.  16  B.  &  S.  gauge. 

2.  Must  have  an  approved  rubber  insulating  covering  (see  No.  41). 

3.  Must  have  drip  loops  in  each  wire  immediately  outside  the  building. 

4.  Must  enter  buildings  through  separate  holes  sloping  upward  from  the 

outside  ;  when  practicable,  holes  to  be  bushed  with  non-absorptive, 
non-combustible  insulating  tubes  extending  through  their  entire 
length.  Where  tubing  is  not  practicable,  the  wires  shall  be  wrapped 
with  two  layers  of  insulating  tape. 

6.  Must  be  supported  on  porcelain  insulators,  so  that  they  will  not  come 
in  contact  with  anything  other  than  their  designed  supports. 

6.  A  separation  between  wires  of  at  least  two  and  one-half  inches  must 
be  maintained. 

In  ca«  of  crosses  these  wires  may  become  a  part  of  a  high-voltaj^e  circuit,  so  that  similar  care  to 
that  given  high-voltage  circuits  is  needed  in  placing  them.  Reliable  porcelain  bushings  at  the  entr.mce 
holes  are  desirable,  and  are  only  waived  under  adverse  conditions,  because  the  state  of  the  art  in  this 
type  of  wiring  makes  an  absolute  requirement  inadvisable. 

e.  The  ground  wire  of  the  protective  device  shall  be  run  in  accordance 
with  the  following  requirements : 

1.  Shall  be  of  copper,  and  not  smaller  than  No.  UJ  B.  &  S. 

2.  Must  have  an  appr(n>ed  x\j\i\>^x  insulating  covering  (see  No.  41). 

3.  Shall  run  in  as  straight  a  line  as  possible   to  a  good  permanent 

ground,  to  be  made  by  connecting  to  water-  or  gas-pipe,  preferably 
water-pipe.  If  gas-pipe  is  used,  the  connection,  in  all  cases,  must 
be  made  between  the  meter  and  service  pipes.  In  the  absence  of 
other  good  ground,  the  ground  shall  be  made  by  means  of  a  metallic 
plate  or  bunch  of  wires  buried  in  permanently  moist  earth. 
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4.  Shall  be  kept  at  least  three  inches  from  all  other  conductors  and  sup- 
ported on  porcelain  insulators,  so  as  not  to  come  in  contact  with 
anything  other  than  its  designed  supports. 

In  attaching  a  ground  wire  to  a  pipe,  it  is  often  difficult  to  make  a  thoroughly  reliable  solder  joint. 
It  is  better,  therefore,  where  possible,  to  carefully  solder  the  wire  to  a  brass  plug,  which  may  then  be 
firmly  screwed  into  a  pipe  fitting. 

Where  such  joints  are  made  under  ground,  they  should  be  thoroughly  painted  and  taped  to  prevent 
corrosion. 

f.  The  protector  to  be  approved  must  comply  with  the  following  require- 
ments: 

1.  Must  be  mounted    on    non-combustible,  non-absorptive    insulating 

bases,  so  designed  that  when  the  protector  is  in  place,  all  parts 
which  may  be  alive  will  be  thoroughly  insulated  from  the  wall  hold- 
ing the  protector. 

2.  Must  have  the  following  parts : 

A  lightning  arrester  which  will  operate  with  a  difiFerence  of  potential 
between  wires  of  not  over  500  volts,  and  so  arranged  that  the 
chance  of  accidental  grounding  is  reduced  to  a  minimum. 

A  fuse  designed  to  open  the  circuit  in  case  the  wires  become  crossed 
with  light  or  power  circuits.  The  fuse  must  be  able  to  open  the 
circuit  without  arcing  or  serious  flashing  when  crossed  with  any 
ordinary  commercial  light  or  power  circuit. 

A  heat  coil  which  will  operate  before  a  sneak  current  can  damage 
the  instrument  the  protector  is  guarding. 

The  heat  coil  is  designed  to  warm  up  and  melt  out  with  a  current  large  enough  to  endanger 
the  instruments  if  continued  for  a  long  time,  but  so  small  that  it  would  not  blow  the  fuses 
ordinarily  found  necessary  for  such  instruments.  These  smaller  currenu  are  oftefl  called 
"sneak"  currents. 

3.  The  fuses  must  be  so  placed  as  to  protect  the  arrester  and  heat  coils, 

and  the  protector  terminals  must  be  plainly  marked  **line,"  "  in- 
strument," "ground." 

g.  Wires  beyond  the  protector,  except  where  bunched,  must  be  neatly 
arranged  and  securely  fastened  in  place  in  any  convenient,  workmanlike  man- 
ner. They  must  not  come  nearer  than  six  inches  to  any  electric  light  or  power 
wire  in  the  building,  unless  incased  in  approved  tubing  so  secured  as  to  pre- 
vent its  slipping  out  of  place. 

The  wires  would  ordinarily  be  insulated,  but  the  kind  of  insulation  is  not  specified,  as  the  pro- 
tector is  relied  upon  to  stop  all  dangerous  currents.  Porcelain  tubing  or  drculaf  loom  conduit  may  be 
used  for  incasing  wires  where  required  as  above. 

//.  Wires  connected  with  outside  circuits,  where  bunched  together  within 
any  building,  or  inside  wires,  where  laid  in  conduits  or  ducts,  with  electric  light 
or  power  wires,  must  have  fire-resisting  coverings,  or  else  must  be  inclosed  in 
an  air- tight  tube  or  duct. 

It  is  feared  that  if  a  burnable  insulation  were  used,  a  chance  spark  might  ignite  it  and  cause  a 
serious  fire,  for  many  installations  contain  a  large  amount  of  very  readily  burnable  matter. 

65.  Electric  Gas  Lighting  — 

Where  electric  gas  lighting  is  to  be  used  on  the  same  fixture  with  the 
electric  light : 
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a.  No  part  of  the  gas-piping  or  fixture  shall  be  in  electric  connection  with 
the  gas-lighting  circuit. 

b.  The  wires  used  with  the  fixtures  must  have  a  non-inflammable  insula- 
tion, or,  where  concealed  between  the  pipe  and  shell  of  the  fixture,  the  insula- 
tion must  be  such  as  required  for  fixture  wiring  for  the  electric  light. 

c.  The  whole  installation  must  test  free  from  "grounds." 

d.  The  two  installations  must  test  perfectly  free  from  connection  with 
each  other. 

66.  Insulation  Resistance  — 

The  wiring  in  any  building  must  test  free  from  grounds;  i.e.,  the  com- 
plete installation  must  have  an  insulation  between  conductors  and  between 
all  conductors  and  the  ground  (not  including  attachments,  sockets,  recep- 
ticles,  etc.)  of  not  less  than  the  following: 

Up  to             5  amperes 4,000,000  ohms. 

10  "  2,000,000  •' 

26  "  800,000  " 

"              50  "  400,000  " 

••            100  "  200,000  " 

200  "  100,000  *• 

"            400  ••  25,000  " 

"            800  "  26,000  " 

1,600  •*  12;500  " 

All  cutouts  and  safety  devices  in  place  in  the  above. 
Where  lamp  sockets,  receptacles,  and  electroliers,  etc.,  are  connected,  one- 
half  of  the  above  will  be  required. 

67.  Soldering  Fluid  — 

a.  The  following  formula  for  soldering  fluid  is  suggested : 

Saturated  solution  of  zinc  chloride 6  parts 

Alcohol 4  parts 

Glycerine 1  part 


Class  F. 
MARINE  WORK. 

<;8.  Generators  — 

a.  Must  be  located  in  a  dry  place. 

b.  Must  have  their  frames  insulated  from  their  bed-plates. 

c.  Must  each  be  provided  with  a  waterproof  cover. 

d.  Must  each  be  provided  with  a  name-plate,  givmg  the  maker's  name,  the 
capacity  in  voltage  and  amperes  and  normal  speed  in  revolutions  per  minute. 

69.  Wires  — 

a.   Must  have  an  approved  insulating  covering. 
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The  insolation  for  all  conductor,  except  for  portables,  to  be  approved,  most  be  at  least  one- 
eighth-inch  in  thickness  and  be  covered  with  a  substantial  waterproof  and  flameproof  braid.  The 
physical  characteristics  shall  not  be  a£fected  by  any  change  in  temperature  up  to  200  degrees  Fahrenheit. 
Alter  two  weeks'  submersion  in  salt  water  at  seventy  degrees  Fahrenheit  it  must  show  an  insulation 
resistance  of  one  m^ohm  per  mile  after  three  minutes'  electrification,  with  660  volts. 

b.  Must  have  no  single  wire  larger  than  No.  12  B.  &  S.  Wires  to  be 
stranded  when  greater  carrying  capacity  is  required.  No  single  solid  wire 
smaller  than  No.  14  B.  &  S.,  except  in  fixture  wiring,  to  be  used. 

Stranded  wires  must  be  soldered  before  being  fastened  under  clamps  oj-  binding  screws,  and  when 
they  have  a  conductivity  greater  than  No.  10  B.  &  S.  copper  wire  they  must  be  soldered  into  lugs. 

c.  Must  be  supported  in  approved  molding,  except  at  switch  boards  and 
portables. 

Special  permission  may  be  given  for  deviation  from  this  rule  in  dynamo-rooms. 

d.  Must  be  bushed  with  hard-rubber  tubing  one-eighth  of  an  inch  in 
thickness  when  passing  through  beams  and  non-water-tight  bulkheads. 

e.  Must  have,  when  passing  through  water-tight  bulkheads  and  through  all 
decks,  a  metallic  stuffing  tube  lined  with  hard  rubber.  In  case  of  deck  tubes 
they  shall  be  boxed  near  deck  to  prevent  mechanical  injury. 

f.  Splices  or  taps  in  conductors  must  be  avoided  as  far  as  possible.  Where 
it  is  necessary  to  make  them  they  must  be  so  spliced  or  joined  as  to  be  both 
mechanically  and  electrically  secure  without  solder.  They  must  then  be  sol- 
dered, to  insure  preservation,  covered  with  an  insulating  compound  equal  to 
the  insulation  of  the  wire,  and  further  protected  by  a  waterproof  tape.  The 
joint  must  then  be  coated  or  painted  with  a  waterproof  compound. 

70.  Portable  Conductors  — 

a.  Must  be  made  of  two  stranded  conductors,  each  having  a  carrying 
capacity  equivalent  to  not  less  than  No.  14  B.  &  S.  wire,  and  each  covered  with 
an  approved  insulation  and  covering. 

Where  not  exposed  to  moisture  or  severe  mechanical  injury,  each  stranded  conductor  must  have  a 
solid  insulation  at  least  one-thirty-second  of  an  inch  in  thickness,  and  must  show  an  insulation  resistance 
between  conductors,  and  between  either  conductor  and  the  ground,  of  at  least  one  megohm  per  mile 
after  one  week's  submersion  in  water  at  seventy  degrees  Fahrenheit  and  after  three  minutes'  electrifica- 
tion, with  590  volts,  and  be  protected  by  a  slow-burning,  tough-braided  outer  covering. 

Where  exposed  to  moisture  and  mechanical  injury —as  for  use  on  decks,  holds,  and  fire-rooms  — 
each  stranded  conductor  shall  have  a  solid  insulation  to  be  approved,  of  at  least  one  thirty-second  of  an 
inch  in  thickness  and  protected  by  a  tough  braid.  The  two  conductors  shall  then  be  stranded  together, 
using  a  jute  filling.  The  whole  shall  then  be  covered  with  a  layer  of  flax,  either  woven  or  braided,  at 
least  one-thirty^second  of  an  inch  in  thickness,  and  treated  with  a  non-inflammable  waterproof  compound. 
After  one  week's  submersion  in  water  at  seventy  degrees  Fahrenheit,  at  550  volts  and  a  three  minutes' 
electrification,  must  show  an  insulation  between  the  two  conductors,  or  between  either  conductor  and 
the  ground,  of  one  megohm  per  mile. 

71.  Bell  or  Other  Wires  — 

a.   Shall  never  run  in  same  duct  with  lighting  or  power  wires. 

72.  Table  of  Capacity  of  Wires  — 
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B.  &  S.  G. 

Area  Actual  C  M. 

No.  of 
Strands. 

Sixe  of  Strandt 
B.&S.  G. 

Ampei 

19 

1,288 

.. 

18 

1,621 

3 

17 

2,018 

16 

2,683 

6 

15 

3,257 

14 

4,107 

12 

12 

6,530 

17 

9,016 

19 

21 

11,368 

18 

26 

14,336 

17 

30 

18,061 

16 

35 

22,799 

16 

40 

30,866 

19 

18 

60 

38,912 

19 

17 

60 

49,on 

19 

16 

70 

60,088 

<J7 

18 

86 

75,776 

37 

17 

100 

99,064 

61 

18 

120 

124,928 

61 

17 

146 

157,663 

61 

16 

170 

196,677 

61 

15 

200 

260,527 

61 

14 

236 

296,387 

91 

16 

270 

373,737 

91 

14 

320 

413,639 

127 

15 

340 

When  greater  conducting  area  than  that  of  a  single  wire  is  required,  the  conductor  shall  be 
stranded  in  a  series  of  7, 19, 37,  01, 91,  or  127  wires,  as  may  be  required ;  the  strand  consisting  of  one  cen- 
tral wire,  the  remainder  laid  around  it  concentrically,  each  Uyer  to  be  twisted  in  the  opposite  direction 
from  the  preceding. 

73.  Switchboards  — 

a.  Must  be  made  of  non-combustible,  non-absorptive  insulating  material, 
such  as  marble  or  slate. 

b.  Must  be  kept  free  from  moisture,  and  must  be  located  so  as  to  be  acces- 
sible from  all  sides. 

c.  Must  have  a  main  switch,  main  cutout  and  ammeter  for  each  generator. 
Must  also  have  a  voltmeter  and  ground  detector. 

d.  Must  have  a  cutout  and  switch  for  each  side  of  each  circuit  leading 
from  board. 

74.  Resistance  Boxes — 

a.  Must  be  made  of  non-combustible  material. 

b.  Must  be  located  on  switchboard  or  away  from  combustible  material. 
When  not  placed  on  switchboard  they  must  be  mounted  on  non-inflammable, 
non-absorptive  insulating  material. 

c.  Must  be  so  constructed  as  to  allow  sufficient  ventilation  for  the  uses  to 
which  they  are  put. 

75.  Switches  — 

a.  Must  have  non-combustible,  non-absorptive  insulating  bases. 

b.  Must  operate  successfully  at  fifty  per  cent  overload  in  amperes  with 
twenty-five  per  cent  excess  voltage  under  the  most  severe  conditions  they  are 
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liable  to  meet  with  in  practice,  and  must  be  plainly  marked,  where  they  will 
always  be  visible^  with  the  name  of  the  maker  and  the  current  and  voltage  for 
which  the  switch  is  designed. 

c.  Must  be  double  pole  when  circuits  which  they  control  supply  more  than 
six  sixteen-candle-power  lamps  or  their  equivalent. 

d.  When  exposed  to  dampness,  they  must  be  inclosed  in  a  water-tight 
case. 

76.  Cutouts  — 

a.  Must  have  non-combustible,  non-absorptive  insulating  bases. 

b.  Must  operate  successfully,  under  the  most  severe  conditions  they  are 
liable  to  meet  with  in  practice,  on  short  circuit  with  fuse  rated  at  fifty  per  cent 
above,  and  with  a  voltage  twenty-five  per  cent  above  the  current  and  voltage 
they  are  designed  for,  and  must  be  plainly  marked,  where  they  will  always  be 
visible,  with  the  name  of  the  maker  and  current  and  voltage  for  which  the 
device  is  designed. 

c.  Must  be  placed  at  every  point  where  a  change  is  made  in  the  size  of 
the  wire  (unless  the  cutout  in  the  larger  wire  will  protect  the  smaller). 

•  //.  In  places  such  as  upper  decks,  holds,  cargo  spaces,  and  fire-rooms  a 
water-tight  and  fireproof  cutout  may  be  used,  connecting  directly  to  mains 
when  such  cutout  supplies  circuits  requiring  not  more  than  660  watts  energy. 

e.  When  placed  anywhere  except  on  switchboards  and  certain  places,  as 
cargo  spaces,  holds,  fire-rooms,  etc.,  where  it  is  impossible  to  run  from  center 
of  distribution,  they  shall  be  in  a  cabinet  lined  with  fire-resisting  material. 

f.  Except  for  motors,  searchlights,  and  diving-lamps  shall  be  so  placed 
that  no  group  of  lamps,  requiring  a  current  of  more  than  six  amperes,  shall 
ultimately  be  dependent  upon  one  cutout. 

A  single-pole  covered  ci^out  may  be  placed  in  the  molding  when  same  contains  conductor  sup- 
plsring  circuits  requiring  not  more  than  220  watts  energy. 

77.  Fixtures  — 

a.  Shall  be  mounted  on  blocks  made  from  well-seasoned  lumber  treated 
with  two  coats  of  white  lead  or  shellac. 

b.  Where  exposed  to  dampness,  the  lamp  must  be  surrounded  by  a  vapor- 
proof  globe. 

c.  Where  exposed  to  mechanical  injury,  the  lamp  must  be  surrounded  by 
a  globe  protected  by  a  stout  wire  guard. 

d.  Shall  be  wired  with  same  grade  of  insulation  as  portable  conductors 
which  are  not  exposed  to  moisture  or  mechanical  injury. 

78.  Sockets— 

a.  No  portion  of  the  lamp  socket  or  lamp  base  exposed  to  contact  with 
outside  objects  shall  be  allowed  to  come  into  electrical  contact  with  either  of 
the  conductors. 

79.  Wooden  Moldings  — 

a.  Must  be  made  of  well-seasoned  lumber,  and  be  treated  inside  and  out 
with  at  least  two  coats  of  white  lead  or  shellac. 

b.  Must  be  made  of  two  pieces,  a  backing  and  a  capping,  so  constructed 
as  to  thoroughly  incase  the  wire,  and  provide  a  one-half  inch  tongue  between 
the  conductors,  and  a  solid  backing  which,  under  grooves,  shall  not  be  less 
than  three-eighths  of  an  inch  in  thickness. 
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c.  Where  molding  is  run  over  rivets,  beams,  etc.,  a  backing  strip  must 
Arst  be  put  up  and  the  molding  secured  to  this. 

d.  Capping  must  be  secured  by  brass  screws. 

80.   Motors  — 

a.  Must  be  wired  under  the  same  precautions  as  with  a  current  of  same 
volume  and  potential  for  lighting.  The  motor  and  resistance  box  must  be 
protected  by  a  double-pole  cutout,  and  controlled  by  a  double-pole  switch, 
except  in  cases  where  one-quarter  horse-power  or  less  is  used. 

The  leads  or  branch  circuits  should  be  designed  to  carry  a  current  at  least  fifty  per  cent  greater  than 
that  required  by  the  rated  capacity  uf  the  motor  to  provide  for  the  inevitable  overloading  of  the  motor 
at  times. 

b.  Must  be  thoroughly  insulated.  Where  possible,  should  be  set  on  base 
frames  made  from  filled,  hard,  dry  wood,  and  raised  above  surrounding  deck. 
On  hoists  and  Winches  they  shall  be  insulated  from  bed-plates  by  hard  rubber, 
fiber,  or  similar  insulating  material. 

c.  Shall  be  covered  with  a  waterproof  cover  when  not  in  use. 

d.  Must  each  be  provided  with  a  name-plate  giving  maker's  name,  the 
capacity  in  volts  and  amperes,  and  the  normal  speed  in  revolutions  per  minute. 


GENERAL  SUGGESTIONS. 

In  all  electric  work  conductors,  however  well  insulated,  should  always  be 
treated  as- bare,  to  the  end  that  under  no  conditions,  existing  or  likely  to  exist, 
can  a  grounding  or  short  circuit  occur,  and  so  that  all  leakage  from  conductor 
to  conductor,  or  between  conductor  and  ground,  may  be  reduced  to  the 
minimum. 

In  all  wiring  special  attention  must  be  paid  to  the  mechanical  execution  of 
the  work.  Careful  and  neat  running,  connecting,  soldering,  taping  of  conduc- 
tors and  securing  and  attaching  of  fittings,  are  specially  conducive  to  security 
and  efficiency,  and  will  be  strongly  insisted  on. 

In  laying  out  an  installation,  except  for  constant-current  systems,  the  work 
should,  if  possible,  be  started  from  a  center  of  distribution,  and  the  switches 
and  cutouts,  controlling  and  connected  with  the  several  branches,  be  grouped 
together  in  a  safe  and  easily  accessible  place,  where  they  can  be  readily  got  at 
for  attention  or  repairs.  The  load  should  be  divided  as  evenly  as  possible 
among  the  branches,  and  all  complicated  and  unnecessary  wiring  avoided. 

The  use  of  wire- ways  for  rendering  concealed  wiring  permanently  access- 
ible is  most  heartily  indorsed  and  recommended  ;  and  this  method  of  accessible 
concealed  construction  is  advised  for  general  use. 

Architects  are  urged,  when  drawing  plans  and  specifications,  to  make  pro- 
vision for  the  channeling  and  pocketing  of  buildings  for  electric  light  or 
power  wires,  and  in  specifications  for  electric  gas  lighting  to  require  a  two-wire 
circuit,  whether  the  building  is  to  be  wired  for  electric  lighting  or  not,  so  that 
no  part  of  the  gas  fixtures  or  gas-piping  be  allowed  to  be  used  for  the  gas- 
lighting  circuit. 
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REPORT  OF  THE  COMMITTEE  ON 
STANDARDIZATION. 

[Accepted  by  the  Institute,  June  26, 18W).] 

To  the  Council  of  The  American  Institute  of  Electrical  Engineers. 

Gentlemen : 
Your  committee  on  Standardization  begs  to  submit  the  following  report, 
covering  such  subjects  as  have  been  deemed  of  pressing  and  immediate  impor- 
tance, and  which  are  of  such  a  nature  that  general  agreement  may  be  expected 
upon  them. 

While  it  is  the  opinion  of  the  committee  that  many  other  matters  might 
advantageously  have  been  considered,  as,  for  example,  standard  methods  of 
testing:  yet  it  has  been  deemed  inexpedient  to  attempt  to  cover  in  a  single 
report  more  than  is  here  submitted. 

Yours  respectfully, 

FRANCIS   B.  CROCKER,  C>ltfirm«»». 
CARY  T.  HUTCHINSON. 
A.   E.   KENNELLY. 
JOHN   W.  LIEB,  Jr. 
CHARLES   P.  STEINMETZ. 
LEWIS   B.  STILLWELL. 
ELIHU  THOMSON. 

GENERAL   PLAN. 
Efficiency.  Sections  1  to  24 

(I)  Commutating  Machines, 

(II)  Synchronous  Machines, 

(III)  Synchronous  Commutating  Machines, 

(IV)  Rectifying  Machines, 

(V)  Stationary  Induction  Apparatus, 

(VI)  Rotary  Induction  Apparatus, 
evil)  Transmission  Lines, 

Rise  of  Temperature.     Sections  25  to  31. 

Insulation.      Sections  32  to  41. 

Regulation.     Sections  42  to  61. 

Variation  and  Pulsation.     Sections  62  to  65. 

Rating.     Sections  66  to  73. 

Classification  of  Voltages  and  Frequencies.     Sections  74  to  78. 

Overload  Capacities.     Sections  79  to  82. 

Appendices.        (I)       Efficiency. 

(II)  Apparent  Efficiency. 

(III)  Power  Factor  and  Inductance  Factor. 

(IV)  Notation. 

(V)  Table  of  Sparking  Distances. 
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Electrical  Apparatus  will  be  treated  under  the  following  heads :  — 

I.  Commutating  Machines,  which  comprise  a  constant  magnetic  field,  a 
closed-coil  armature,  and  a  multi-segmental  commutator  connected  thereto. 

Under  this  head  may  be  classed  the  following:  Direct-current  generators ; 
direct-current  motors  ;  direct-current  boosters ;  motor-generators ;  dynamotors ; 
converters  and  closed-coil  arc  machines. 

A  booster  is  a  machine  inserted  in  series  in  a  circuit  to  change  its  voltage, 
and  may  be  driven  either  by  an  electric  motor,  or  otherwise.  In  the  former 
case  it  is  a  motor-booster. 

A  motor-generator  is  a  transforming  device  consisting  of  two  machines ; 
a  motor  and  a  generator,  mechanically  connected  together. 

A  dynamotor  is  a  transforming  device  combining  both  motor  and  gene- 
rator action  in  one  magnetic  field,  with  two  armatures  or  with  an  armature 
having  two  separate  windings. 

For  converters,  see  III. 

n.  Synchronous  Machines,  which  comprise  a  constant  magnetic  field,  and 
an  armature  receiving  or  delivering  alternating  currents  in  synchronism  with 
the  motion  of  the  machine ;  /'.  ^.,  having  a  frequency  equal  to  the  product  of 
the  number  of  pairs  of  poles  and  the  speed  of  the  machine  in  revolutions  per 
second. 

m.  Synchronous  Commutating  Machines :  —  These  include :  1.  Synchron- 
ous converters :  i.e.,  converters  from  alternating  to  direct,  or  from  direct  to 
alternating  current,  and  2.  Double-current  generators;  i.e.,  generators  pro- 
ducing both  direct  and  and  alternating  currents.^ 

A  converter  is  a  rotary  device  transforming  electric  energy  from  one  form 
into  another  without  passing  it  through  the  intermediary  form  of  mechanical 
energy. 

A  converter  may  be  either : 

€U  A  direct-current  converter,  converting  from  a  direct  current  to  a  direct 
current  or 

b.  A  synchronous  converter,  formerly  called  a  rotary  converter,  convert- 
ing from  an  alternating  to  a  direct  current,  or  vice  versa. 

Phase  converters  are  converters  from  an  alternating-current  system  to  an 
alternating- current  system  of  the  same  frequency  but  different  phase. 

Frequency  converters  are  converters  from  an  alternating-current  system  of 
one  frequency  to  an  alternating-current  system  of  another  frequency,  with  or 
without  changes  of  phase. 

IV.  Rectifying  Machines,  or  Pulsating-Cnrrent-Generators,  which  produce  a 
unidirectional  current  of  periodically  varying  strength. 

V.  Stationary  Induction  Apparatus :  i.e.,  stationary  apparatus  changing 
electric  energy  from  one  form  into  another,  without  passing  it  through  an 
intermediary  form  of  energy.     These  comprise : 

a.  Transformers,  or  stationary  induction  apparatus  in  which  the  primary 
and  secondary  windings  are  electrically  insulated  from  each  other. 

d.  Auto-transformers,  formerly  called  compensators:  i.e.,  stationary  induc- 
tion apparatus  in  which  part  of  the  primary  winding  is  used  as  a  secondary 
winding,  or  conversely. 

c.  Potential  regulators,  or  stationary  induction  apparatus  having  a  coil 
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in  shunt,  and  a  coil  in  series  with  the  circuit,  so  arranged  that  the  ratio  of 
transformation  between  them  is  variable  at  will. 
These  may  be  divided  into:  — 

1.  Compensator  potential-regulators,  in  which  the  number  of  turns  of 
one  of  the  coils  is  changed. 

2.  Induction  potential-regulators,  in  which  the  relative  positions  of  pri- 
mary and  secondary  coils  is  changed. 

3.  Magneto  potential-regulatoi  &,  in  which  the  direction  of  the  magnetic 
flux  with  respect  to  the  coils  is  changed. 

d.  Reactive  coils,  or  reactance  coils,  formerly  called  choking  coils:  i.e., 
stationary  induction  apparatus  used  to  produce  impedance  or  phase  dis- 
placement. 

VI.  Rotary  Induction  Apparatus,  which  consists  of  primary  and  secondary 
windings  rotating  with  respect  to  each  other.    They  comprise:  — 

a.  Induction  motors. 

b.  Induction  generators, 
r.   Frequency  changers. 

d.  Rotary  phase  converters. 

EFFICIENCY. 

1.  The  "  efficiency  "  of  an  apparatus  is  the  ratio  of  its  net  power  output 
to  its  gross  power  input.* 

2.  Electric  power  should  be  measured  at  the  terminals  of  the  apparatus. 

3.  In  determining  the  efficiency  of  alternating-current  apparatus,  the  elec- 
tric power  should  be  measured  when  the  current  is  in  phase  with  the  E,Af.F.^ 
unless  otherwise  specified,  except  when  a  definite  phase  difference  is  inherent 
in  the  apparatus,  as  in  induction  motors,  etc. 

4.  Mechanical  power  in  machines  should  be  measured  at  the  pulley^ 
gearing,  coupling,  etc.,  thus  excluding  the  loss  of  power  in  said  pulley,  gear- 
ing, or  coupling,  but  including  the  bearing  friction  and  windage.  The  magni- 
tude of  bearing  friction  and  windage  may  be  considered  as  independent  of 
the  load.  The  loss  of  power  in  the  belt  and  the  increase  of  bearing  friction 
due  to  belt  tension,  should  be  excluded.  Where,  however,  a  machine  is 
mounted  upon  the  shaft  of  a  prime  mover,  in  such  a  manner  that  it  cannot 
be  separated  therefrom,  the  frictional  losses  in  bearings  and  in  windage,  which 
ought,  by  definition,  to  be  included  in  determining  the  efficiency,  should  be 
excluded,  owing  to  the  practical  impossibility  of  determining  them  satisfac- 
torily.   The  brush  friction,  however,  should  be  included. 

a.  Where  a  machine  has  auxiliary  apparatus,  such  as  an  exciter,  the 
power  lost  in  the  auxiliary  apparatus  shou'd  not  be  charged  t"  the  machine, 
but  to  the  plant  consisting  of  machine  and  nuxiliary  apparatus  taken  together 
The  plant  efficiency  in  such  cases  should  be  distinguished  from  the  machine 
efficiency. 

6.  The  efficiency  may  be  determined  by  measuring  all  the  losses  individ- 
ually and  adding  their  sum  to  the  output  to  derive  the  input,  or  subtract- 
ing their  sum  from  the  input  to  derive  the  output.  All  losses  should  be 
measured  at,  or  reduced  to,  the  temperature  assumed  in  continuous  operation, 
or  in  operation  under  conditions  specified.     (See  Sections  25  to  81.) 

•  An  exception  should  be  noted  in  the  case  of  storaee  batteries  or  apparatus  for  storing  energy, 
in  which  the  efficiency,  unless  otherwise  qualified,  should  be  understood  as  the  ratio  of  the  tnagf 
output  to  the  energy  intake  in  a  normal  cycle. 
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In  order  to  consider  the  application  of  the  foregoing  rules  to  various 
machines  in  general  use,  the  latter  may  be  conveniendy  divided  into  classes 
as  follows :  — 

I.  Commutating  Machines.^ 

6.  In  commutating  machines  the  losses  are :  — 

a.  Bearing  friction  and  windage.    (See  Section  4.) 

b.  Molecular  magnetic  friction,  and  eddy  currents  in  iron  and  copper. 
These  losses  should  be  determined  with  the  machine  on  open  circuit,  and  at  a 
voltage  equal  to  the  rated  volta2:e  4-  /r  in  a  generator,  and  —  /r  in  a  motor, 
where  /  denotes  the  current  strength,  and  r  denotes  the  internal  resistance 
of  the  machine.  They  should  be  measured  at  the  correct  speed  and  voltage, 
since  they  do  not  usually  vary  in  proportion  to  the  speed  or  to  any  definite 
power  of  the  voltage. 

c.  Armature  resistance  losses,  /*  r',  where  /  is  the  current  strength  in  the 
armature,  and  r^  is  the  resistance  between  armature  brushes,  excluding  the 
resistance  of  brushes  and  brush  contacts. 

d.  Commutator  brush  friction. 

e.  Commutator  brush-contact  resistance.  It  is  desirable  to  point  out  that 
with  carbon  brushes  the  losses  {d)  and  {e)  are  usually  considerable  in  low- 
voltage  machines. 

y.  Field  excitation.  With  separately  excited  fields,  the  loss  of  power  in 
the  resistance  of  the  field  coils  alone  should  be  considered.  With  shunt  fields 
or  series  fields,  however,  the  loss  of  power  in  the  accompanying  rheostat 
should  also  be  included,  the  said  rheostat  being  considered  as  an  essential  part 
of  the  machine,  and  not  as  separate  auxiliary  apparatus. 

{b)  and  (c)  are  losses  in  the  armature  or  "  armature  losses ; "  {d)  and  (e) 
"commutator  losses ; "  (/)  "field  losses.'* 

7.  The  difference  between  the  total  losses  under  load  and  the  sum  of  the 
losses  above  specified,  should  be  considered  as  "load  losses"  and  are  usu- 
ally trivial  in  commutating  machines  of  small  field  distortion.  When  the 
field  distortion  is  large,  as  is  shown  by  the  necessity  for  shifting  the  brushes 
between  no  load  and  full  load,  or  with  variations  of  load,  these  load  losses  may 
be  considerable,  and*  should  be  taken  into  account.  In  this  case  the  efficiency 
may  be  determined  either  by  input  and  output  measurements,  or  the  load 
losses  may  be  estimated  by  the  method  of  Section  II. 

8.  Boosters  should  be  considered  and  treated  like  other  direct-current 
machines  in  regard  to  losses. 

9.  In  motor-generators,  dynamotors,  or  converters,  the  efficiency  is  the 
electrize  output 

electric  input. 

II.  Synchronous  Machines. — 

10.  In  synchronous  machines  the  output  or  input  should  be  measured 
with  the  current  in  phase  with  the  terminal  E.M.F.^  except  when  otherwise 
expressly  specified. 

Owing  to  the  uncertainty  necessarily  involved  in  the  approximation  of 
load  losses,  it  is  preferable,  whenever  possible,  to  determine  the  efficiency  of 
synchronous  machines,  by  input  and  output  tests. 

11.  The  losses  in  synchronous  machines  are  : 

a.  Bearing  friction  and  windage.    (See  Section  4.) 
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b.  Molecular  magnetic  friction  and  eddy  currents  in  iron,  copper,  and 
other  metallic  parts.  These  losses  should  be  determined  at  open  circuit  of 
the  machine  at  the  rated  speed  and  at  the  rated  voltage,  +  /r  in  a  s)m- 
chronousgenerator,  — /r  in  a  synchronous  motor,  where /=  current  in  arma- 
ture, r  =  armature  resistance.  It  is  undesirable  to  compute  these  losses  from 
observations  made  at  other  speeds  or  voltages. 

These  losses  may  be  determined  either  by  driving  the  machine  by  a  motor, 
or  by  running  it  as  a  synchronous  motor,  and  adjusting  its  fields  so  as  to 
get  minimum  current  input  and  measuring  the  input  by  wattmeter.  The 
former  is  the  preferable  method,  and  in  polyphase  machines  the  latter  method 
is  liable  to  give  erroneous  results  in  consequence  of  unequal  distribution  of 
currents  in  the  different  circuits  caused  by  inequalities  of  the  impedance  of 
connecting  leads,  etc. 

c.  Armature-resistance  loss,  which  may  be  expressed  by//*r;  where 
r  =  resistance  of  one  armature  circuit  or  branch,  /=the  current  in  such 
armature  circuit  or  branch,  and  p  =  the  number  of  armature  circuits  or 
branches. 

d.  Load  losses  as  defined  in  Section  7.  While  these  losses  cannot  well 
be  determined  individually,  they  may  be  considerable  and,  therefore,  their 
joint  influence  should  be  determined  by  observation.  This  can  be  done  by 
operating  the  machine  on  short  circuit  and  at  full-load  current,  that  is,  by  de- 
termining what  may  be  called  the  **  short-circuit  core  loss."  With  the  low 
field  intensity  and  great  lag  of  current  existing  in  this  case,  the  load  losses  are 
usually  greatly  exaggerated. 

One-third  of  the  short-circuit  core  loss  may,  as  an  approximation,  and  in 
the  absence  of  more  accurate  information,  be  assumed  as  the  load  loss. 

^.  Collector-ring  friction  and  contact  resistance.  These  are  generally 
negligible,  except  in  machines  of  extremely  low  voltage. 

/,  Field  excitation.  In  separately-excited  machines,  the/*rof  the  field 
coils  proper  should  be  used.  In  self-exciting  machines,  however,  the  loss  in 
the  field  rheostat  should  be  included.    (See  Section  6/*.) 

III.  Synchronous  Commutating  Machines. — 

12.  In  synchronous  converters,  the  power  of  the  alternating-current  side 
is  to  be  measured  with  the  current  in  phase  with  the  terminal  E,Af*F*y  unless 
otherwise  specified. 

13.  In  double-current  generators,  the  efficiency  of  the  machine  should  be 
determined  as  a  direct-current  generator  in  accordance  with  Section  6,  and 
as  an  alternating-current  generator  in  accordance  with  Section  11.  The  two 
values  of  efficiency  may  be  different,  and  should  be  clearly  distinguished. 

14.  In  synchronous  converters  the  losses  should  be  determined  when 
driving  the  machine  by  a  motor.    These  losses  are:  — 

a.  Bearing  friction  and  windage.    (See  Section  4.) 

b.  Molecular  magnetic  friction  and  eddy  currents  in  iron,  copper,  and 
metallic  parts.  These  losses  should  be  determined  at  open  circuit  and  at  the 
rated  terminal  voltage,  no  allowance  being  made  for  the  armature  resistance, 
since  the  alternating  and  the  direct  currents  flow  in  opposite  directions. 

c.  Armature  resistance.  The  loss  in  the  armature  is  q  I^r,  where  /  = 
direct  current  in  armature,  r  =  armature  resistance,  and  q  a  factor  which  is 
equal  to  1.37  in  single-phasers,  0.66  in  three-phasers,  0.37  In  quarter-phasers 
and  0.26  in  six-phasers. 
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d.  Load  losses.  The  load  losses  should  be  determined  in  the  same 
manner  as  described  in  Section  11  d.^  with  reference  to  the  direct-current  side. 

e  and  /.  Losses  in  commutator  and  collector  friction  and  brush-contact 
resistance.    (See  Sections  6  and  11.) 

g.  Field  excitation.  In  separately-excited  fields,  the  /*  r  loss  in  the  field 
coils  proper  should  be  taken,  while  in  shunt  and  series  fields  the  rheostat 
loss  should  be  included,  except  where  fields  and  rheostats  are  intentionally 
modified  to  produce  effects  outside  of  the  conversion  of  electric  power,  as  for 
producing  phase  displacement  for  voltage  control.  In  this  case  25  per  cent 
of  the  /*  r  loss  in  the  field  proper  at  non-inductive  alternating  circuit  should 
be  added  as  proper  estimated  allowance  for  normal  rheostat  losses.  (See 
Section  6/.) 

15.  "Where  two  similar  synchronous  machines  are  available,  their  efficiency 
can  be  determined  by  operating  one  machine  as  a  converter  from  direct  to 
alternating,  and  the  other  as  a  converter  from  alternating  to  direct,  connecting 
the  alternating  sides  together,  and  measuring  the  difference  between  the  direct- 
current  input  and  the  direct-current  output.  This  process  may  be  modified  by 
returning  the  output  of  the  second  machine  through  two  boosters  into  the  first 
machine  and  measuring  the  losses.  Another  modification  might  be  to  supply 
the  losses  by  an  alternator  between  the  two  machines,  using  potential  regu- 
lators. 

IV.  Rectifying  Machines  or  Pulsating-Current  Generators. — 

16.  These  include:  Open-coil  arc  machines,  constant-current  rectifiers, 
constant-potential  rectifiers. 

The  losses  in  open-coil  arc  machines  are  essentially  the  same  as  in  Sec- 
tions 6  to  0  (closed-coil  commutating  machines.)  In  alternating-current  recti- 
fiers, however,  the  output  must  be  measured  by  wattmeter  and  not  by  volt- 
meter and  ammeter,  since,  owing  to  the  pulsation  of  current  and  E.M,F,,  a 
considerable  discrepancy  may  exist  between  watts  and  volt  amperes,  amount- 
ing to  as  much  as  10  or  15  per  cent. 

17.  In  constant-current  rectifiers,  transforming  from  constant-potential 
alternating  to  constant  direct  current  by  means  of  constant-current  trans- 
formers and  rectifying  commutators,  the  losses  in  the  transformers  are  to  be 
included  in  the  efficiency,  and  have  to  be  measured  when  operating  the  recti- 
fier, since  in  this  case  the  losses  are  generally  greater  than  when  feeding  an 
alternating  secondary  circuit.  In  constant-current  transformers  the  load 
losses  are  usually  larger  than  in  constant-potential  transformers,  and  thus 
should  not  be  neglected. 

The  most  satisfactory  method  of  determining  the  efficiency  in  rectifiers 
is  to  measure  electric  input  and  electric  output  by  wattmeter.  The  input  is 
usually  not  non-inductive,  owing  to  a  considerable  phase  displacement  and  to 
wave  distortion.  For  this  reason  the  apparent  efficiency  should  also  be  con- 
sidered, since  it  is  usually  much  lower  than  the  true  efficiency.  The  power 
consumed  by  the  synchronous  motor  or  other  source  driving  the  rectifier 
should  be  included  in  the  electric  input. 

V.  Stationary  Induction  Apparatus.- 

18.  Since  the  efficiency  of  induction  apparatus  depends  upon  the  wave 
shape  of  E.M.F.,  it  should  be  referred   to  a  sine  wave  of  E,M.F.,  except 
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expressly  specified  otherwise.  The  efficiency  should  be  measured  with  non- 
inductive  load,  and  at  rated  frequency,  except  where  expressly  specified  other- 
wise.   The  losses  are : 

a.  Molecular  magnetic  friction  and  eddy  currents  measured  at  open  cir- 
cuit and  at  rated  voltage  —  /r,  where  /  =  rated  current,  r  =  resistance  of 
primary  circuit 

b.  Resistance  losses,  the  sum  of  the  /*  r  of  primary  and  of  secondary  in 
a  transformer,  or  of  the  two  sections  of  the  coil  in  the  compensator  or  auto- 
transformer,  where  /  =  current  in  the  coil  or  section  of  coil,  r  —  resistance. 

c.  Load  losses,  i.e.,  eddy  currents  in  the  iron  and  especially  in  the  copper 
conductors,  caused  by  the  current.  They  should  be  measured  by  short-cir- 
cuiting the  secondary  of  the  transformer  and  impressing  upon  the  primary  an 
E,M.F.^  sufficient  to  send  full-load  current  through  the  transformer.  The  loss 
in  the  transformer  under  these  conditions  measured  by  wattmeter  gives  the 
load  losses  -h  /*  r  losses  in  both  primary  and  secondary  coils. 

d.  Losses  due  to  the  methods  of  cooling,  as  power  consumed  by  the 
blower  in  air-blast  transformers,  and  power  consumed  by  the  motor  driving 
pumps  in  oil  or  water  cooled  transformers.  Where  the  same  cooling  appara- 
tus supplies  a  number  of  transformers,  or  is  installed  to  supply  future  addi- 
tions, allowance  should  be  made  therefor. 

19.  In  potential  regulators  the  efficiency  should  be  taken  at  the  maximum 
voltage  for  which  the  apparatus  is  designed,  and  with  non-inductive  load, 
unless  otherwise  specified. 

VI.  Rotary  Induction  Apparatus.  — 

20.  Owing  to  the  existence  of  load  losses  and  since  the  magnetic  density 
in  the  induction  motor  under  load  changes  in  a  complex  manner,  the  efficiency 
should  be  determined  by  measuring  the  electric  input  by  wattmeter  and  the 
mechanical  output  at  the  pulley,  gear,  coupling,  etc. 

21.  The  efficiency  should  be  determined  at  the  rated  frequency  and  the 
input  measured  with  sine  waves  of  impressed  E,M.F. 

22.  The  efficiency  may  be  calculated  from  the  apparent  input,  the  power 
factor,  and  the  power  output.  The  same  applies  to  induction  generators. 
Since  phase  displacement  is  inherent  in  induction  machines,  their  apparent 
efficiency  is  also  important 

23.  In  frequency  changers;  i.e.,  apparatus  transforming  from  a  polyphase 
system  to  an  alternating  system  of  dilTerent  frequency,  with  or  without  a 
change  in  the  number  of  phases,  and  phase  converters ;  i.e.,  apparatus  convert- 
ing from  an  alternating  system,  usually  single  phase,  to  another  alternating  sys- 
tem, usually  polyphase,  of  the  same  frequency,  the  efficiency  should  also  be 
determined  by  measuring  both  output  and  input 

Vn.  Transmission  Lines.— 

24.  The  efficiency  of  transmission  lines  should  be  measured  with  non- 
inductive  load  at  the  receiving  end,  with  the  rated  receiving  pressure  and  fre- 
quency, also  with  sinusoidal  impressed  £'.J/./^.'s.,  except  where  expressly 
specified  otherwise,  and  with  the  exclusion  of  transformers  or  other  apparatus 
at  the  ends  of  the  line. 
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* 
RISE   OF  TEMPERATURE. 
General  Principles.  — 

26.  Under  regular  service  conditions,  the  temperature  of  electrical 
machinery  should  never  be  allowed  to  remain  at  a  point  at  which  permanent 
deterioration  of  its  insulating  material  takes  place. 

26.  The  rise  of  temperature  should  be  referred  to  the  standard  conditions 
of  a  room-temperature  of  26®  C,  a  barometric  pressure  of  760  mm.  and  normal 
conditions  of  ventilation ;  that  is,  the  apparatus  under  test  should  neither  be 
exposed  to  draught  nor  inclosed,  except  where  expressly  specified. 

27.  If  the  room  temperature  during  the  test  differs  from  26<»  C,  the  ob- 
served rise  of  temperature  should  be  corrected  by  *  per  cent  for  each  degree 
C*  Thus  with  a  room  temperature  of  86**  C,  the  observed  rise  of  temperature 
has  to  be  decreased  by  6  per  cent,  and  with  a  room  temperature  of  16°  C,  the 
observed  rise  of  temperature  has  to  be  increased  by  6  per  cent.  The  ther- 
mometer indicating  the  room  temperature  should  be  screened  from  thermal 
radiation  emitted  by  heated  bodies,  or  from  draughts  of  air.  When  it  is  im- 
practicable to  secure  normal  conditions  of  ventilation  on  account  of  an  adja- 
cent engine,  or  other  sources  of  heat,  the  thermometer  for  measuring  the  atr 
temperature  should  be  placed  so  as  fairly  to  indicate  the  temperature. which 
the  machine  would  have  if  it  were  idle,  in  order  that  the  rise  of  temperature 
determined  shall  be  that  caused  by  the  operation  of  the  machine. 

28.  The  temperature  should  be  measured  after  a  run  of  sufficient  duration 
to  reach  practical  constancy.  This  is  usually  from  6  to  18  hours,  according  to 
the  size  and  construction  of  the  apparatus.  It  is  permissible,  however,  to 
shorten  the  time  of  the  test  by  running  a  lesser  time  on  an  overload  in  current 
and  voltage,  then  reducing  the  load  to  normal,  and  maintaining  it  thus  until 
the  temperature  has  become  constant. 

In  apparatus  intended  for  intermittent  service,  as  railway  motors,  starting 
rheostats,  etc.,  the  rise  of  temperature  should  be  measured  after  a  shorter  time, 
depending  upon  the  nature  of  the  service,  and  should  be  specified. 

In  apparatus  which  by  the  nature  of  their  service  may  be  exposed  to  over- 
load, as  railway  converters,  and  in  very  high  voltage  circuits,  a  smaller  rise  of 
temperature  should  be  specified  than  in  apparatus  not  liable  to  overloads  or  in 
low  voltage  apparatus.  In  apparatus  built  for  conditions  of  limited  space,  as 
railway  motors,  a  higher  rise  of  temperature  must  be  allowed. 

29.  In  electrical  conductors,  the  rise  of  temperature  should  be  determined 
by  their  increase  of  resistance.  For  this  purpose  the  resistance  may  be  meas- 
ured either  by  galvanometer  test,  or  by  drop-of-potential  method.  A  tem- 
perature coefficient  of  0.4  per  cent  per  degree  C.  may  be  assumed  for  copper.t 
Temperature  elevations  measured  in  this  way  are  usually  in  excess  of  tem- 
perature elevations  measured  by  thermometers. 

30.  1 1  is  recommended  that  the  following  maximum  values  of  temperature 
elevation  should  not  be  exceeded : 

*  This  correction  is  also  Intended  to  compensate,  as  nearly  as  is  at  present  practicable,  for  the 
error  involved  in  the  assumption  of  a  constant  iemperature  coefficient  of  resistivity  ji.e.,  0.4  per  cent 
deipnee  C.  taken  with  varying  initial  temperatures. 

t  By  the  formula  R^=: R^  (t -)-ooo4^)-  Where  R^  is  the  resistance  at  room  temperature,  R^  the 
resistance  when  heated,  and  0  the  temperature  elevation  (7"— /)  in  degrees  centigrade. 
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Commutating  machines,  rectifying  machines,  and  synchronous  machines. 
Field  and  armature,  by  resistance,  60®  C. 

Commutator  and  collector  rings  and  brushes,  by  thermometer,  66®  C. 
Bearings  and  other  parts  of  machine,  by  thermometer,  40®  C. 

Rotary  induction  apparatus : 
Electric  circuits,  60®  C,  by  resistance. 
Bearings  and  other  parts  of  the  machine,  40®  C,  by  thermometer. 

In  squirrel-cage  or  short-circuited  armatures,  66®  C,  by  thermometer,  may 
be  allowed. 

Transformers  for  continuous  service  —  electric  circuits  by  resistance,  60®  C, 
other  parts  by  thermometer,  40®  C,  under  conditions  of  normal  ventilation. 

Reactive  coils,  induction  and  magneto  regulators  —  electric  circuits  by 
resistance,  66®  C,  other  parts  by  thermometer,  46®  C. 

Where  a  thermometer,  applied  to  a  coil  or  winding,  indicates  a  hig;her 
temperature  elevation  than  that  shown  by  resistance  measurement,  the  ther- 
mometer indication  should  be  accepted.  In  using  the  thermometer,  care 
should  be  taken  so  to  protect  its  bulb  as  to  prevent  radiation  from  it,  and,  at 
the  same  time,  not  to  interfere  seriously  with  the  normal  radiation  from  the 
part  to  which  it  is  applied. 

31.  In  the  case  of  apparatus  intended  for  intermittent  service,  the  tem- 
perature elevation  which  is  attained  at  the  end  of  the  period  corresponding 
to  the  term  of  full  load  should  not  exceed  60®  C,  by  resistance  in  electric  cir- 
cuits. In  the  case  of  transformers  intended  for  intermittent  service,  or  not 
operating  continuously  at  full  load,  but  continuously  in  circuit,  as  in  the  ordi- 
nary case  of  lighting  transformers,  the  temperature  elevation  above  the  sur- 
rounding air-temperature  should  not  exceed  60°  C.  by  resistance  in  electric 
circuits,  and  40°  C.  by  thermometer  in  other  parts,  after  the  period  correspond- 
ing to  the  term  of  full  load.  In  this  instance,  the  test  load  should  not  be 
applied  until  the  transformer  has  been  in  circuit  for  a  sufficient  time  to  attain 
the  temperature  elevation  due  to  core  loss.  With  transformers  for  commercial 
lighting,  the  duration  of  the  full-load  test  may  be  taken  as  three  hours,  unless 
•  otherwise  specified.  In  the  case  of  railway,  crane,  and  elevator  motors,  the 
conditions  of  service  are  necessarily  so  varied  that  no  specific  period  cor- 
responding to  the  full-load  term  can  be  stated. 


INSULATION. 

32.  The  ohmic  resistance  of  the  insulation  is  of  secondary  importance 
only,  as  compared  with  the  dielectric  strength,  or  resistance  to  rupture  by 
high  voltage. 

Since  the  ohmic  resistance  of  the  insulation  can  be  very  greatly  increased 
by  baking,  but  the  dielectric  strength  is  liable  to  be  weakened  thereby,  it  is 
preferable  to  specify  a  high  dielectric  strength  rather  than  a  high  insulation 
resistance.  The  high-voltage  test  for  dielectric  strength  should  always  be 
applied. 
Insulation  Resistance.  — 

33.  Insulation  resistance  tests  should,  if  possible,  be  made  at  the  pressure 
for  which  the  apparatus  is  designed. 

The  insulation  resistance  of  the  complete  apparatus  must  be  such  that  the 
rated  voltage  of  the  apparatus  will  not  send  more  than  i<riooao  of  the  full-load 
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current,  at  the  rated  terminal  voltage,  through  the  insulation.    Where  the 
value  found  in  this  way  exceeds  1  megohm,  1  megohm  is  sufficient 

Dielectric  Strength.— 

34.  The  dielectric  strength  or  resistance  to  rupture  should  be  determined* 
by  a  continued  application  of  an  alternating  E,M,F.  for  one  minute.  The 
source  of  alternating  E.M.F.  should  be  a  transformer  of  such  size  that  the 
charging  current  of  the  apparatus  as  a  condenser  does  not  exceed  25  per 
cent  of  the  rated  capacity  of  the  transformer. 

35.  The  high-voltage  tests  should  not  be  applied  when  the  insulation  is 
low,  owing  to  dirt  or  moisture,  and  should  be  applied  before  the  machine  is 
put  into  commercial  service. 

36.  It  should  be  pointed  out  that  tests  at  high  voltages  considerably  in 
excess  of  the  normal  voltages  are  admissible  on  new  machines,  to  'determine 
whether  they  fulfill  their  specifications,  but  should  not  be  made  subsequently 
at  a  voltage  much  exceeding  the  normal,  as  the  actual  insulation  of  the 
machine  may  be  weakened  by  such  tests. 

37.  The  test  for  dielectric  strength  should  be  made  with  the  completely 
assembled  apparatus  and  not  with  its  individual  parts ;  and  the  voltage  should 
be  applied  as  follows :  — 

1st  Between  electric  circuits  and  surrounding  conducting  material ;  and, 

2d.  Between  adjacent  electric  circuits,  where  such  exist,  as  in  trans- 
formers. 

The  tests  should  be  made  with  a  sine  wave  of  E.M.F,,  or  where  this  is 
not  available,  at  a  voltage  giving  the  same  striking  distance  between  needle 
points  in  air  as  a  sine  wave  of  the  specified  E.M.F.,  except  where  expressly 
specified  otherwise.  As  needles,  new  sewing-needles  should  be  used.  It  is 
recommended  to  shunt  the  apparatus  during  tlie  test  by  a  spark  gap  of  needle 
points  set  for  a  voltage  exceeding  the  required  voltage  by  10  per  cent 

A  table  of  approximate  sparking  distances  is  given  in  Appendix  V. 

38.  The  following  voltages  are  recommended  for  apparatus,  not  including 
transmission  lines  or  switchboards : 

Rated  Terminal  Voltage.  Capacity  Testing  Voltage. 

Not  exceeding  400  volts Under  10  A'.  W.    .     1000  volts. 

* 10  A',  ^i^.  and  over     1500      " 

400  and  over,  but  less  than  800  volts  .  Under  10  K.  W,    .     1500      " 

"  "  ".  10  K,  W.  and  over    2000      " 

800  **  '*    1200  "'  Any 3600      " 

1200  "  "    2500  "      .  Any 5000      " 

•i'^no  **  Anv  1  Double  the  normal 

^^""  -'^"y i     rated  voltages. 

Synchronous  motor  fields  and  fields  of  converters  started 
from  the  alternating  current  side 5000  volts. 

Alternator  field  circuits  should  be  tested  under  a  breakdown  test  voltage 
corresponding  to  the  rated  voltage  of  the  exciter,  and  referred  to  an  output 
equal  to  the  output  of  the  alternator;  i.e.,  the  exciter  should  be  rated  for  this 
test  as  having  an  output  equal  to  that  of  the  machine  it  excites. 

Condensers  should  be  tested  at  twice  their  rated  voltage  and  at  their  rated 
frequency. 

The  values  in  the  table  above  are  eflfective  values,  or  square  roots  of 
mean  square  reduced  to  a  sine  wave  of  E.M.F. 
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d9.  In  testing  insulation  between  different  electric  circuits,  as  between 
primary  and  secondary  of  transformers,  the  testing  voltage  must  be  chosen 
corresponding  to  the  high-voltage  circuit 

40.  In  transformers  of  from  10,000  volts  to  20,000  volts,  it  should  be  con- 
sidered as  sufficient  to  operate  the  transformer  at  twice  its  rated  voltage,  by 
connecting  first  the  one,  and  then  the  other  terminal  of  the  high-voltage  wind- 
ing to  the  core  and  to  the  low-voltage  winding.  The  test  of  dielectric  resist 
ance  between  the  low-voltage  winding  and  the  core  should  be  in  accordance 
with  the  recommendation  in  Section  38  for  similar  voltages  and  capacities. 

41.  When  machines  or  apparatus  are  to  be  operated  in  series,  so  as  to 
employ  the  sum  of  their  separate  EM,F.^^^  the  voltage  should  be  referred 
to  this  sum,  except  where  the  frames  of  the  machine  are  separately  insulated 
both  from  ground  and  from  each  other. 


REGULATION. 

42.  The  term  *' regulation  *^  should  have  the  same  meaning  as  the  term 
"  inherent  regulation,"  at  present  frequently  used. 

43.  The  regulation  of  an  apparatus  intended  for  the  generation  of  con- 
stant potential,  constant  current,  constant  speed,  etc.,  is  to  be  measured  by  the 
maximum  variation  of  potential,  current,  speed,  etc.,  occurring  within  the  range 
from  full  load  to  no  load,  under  such  constant  conditions  of  operation  as  give 
the  required  full-load  values,  the  condition  of  full  load  being  considered  in  all 
cases  as  the  normal  condition  of  operation. 

44.  The  regulation  of  an  apparatus  intended  for  the  generation  of  a  poten- 
tial, current,  speed,  etc.,  varying  in  a  definite  manner  between  full  load  and  no 
load,  is  to  be  measured  by  the  maximum  variation  of  potential  current,  speed, 
etc.,  from  the  satisfied  condition,  under  such  constant  conditions  of  operation 
as  give  the  required  full-load  values. 

If  the  manner  in  which  the  variation  in  potential,  current,  speed,  etc., 
between  full  load  and  no  load,  is  not  specified,  it  should  be  assumed  to  be  a 
simple  linear  relation,  i.e.,  undergoing  uniform  variation  between  full  load  and 
no  load. 

The  regulation  of  an  apparatus  may,  therefore,  differ  according  to  its 
qualification  for  use.  Thus  the  regulation  of  a  compound-wound  generator 
specified  as  a  constant-potential  generator  will  be  different  from  that  it 
possesses  when  specified  as  an  over-compounded  generator. 

46.  The  regulation  is  given  in  percentage  of  the  full-load  value  of  potential, 
current,  speed,  etc. ;  and  the  apparatus  should  be  steadily  operated  during  the 
test  under  the  same  conditions  as  at  full  load. 

46.  The  regulation  of  generators  is  to  be  determined  at  constant  speed  ;  of 
alternating  apparatus  at  constant  impressed  frequency. 

47.  The  regulation  of  a  generator-unit,  consisting  of  a  generator  united 
with  a  prime-mover,  should  be  determined  at  constant  conditions  of  the 
prime-mover;  i.e.,  constant  steam  pressure,  head,  etc.  It  would  include 
the  inherent  speed  variations  of  the  prime-mover.  For  this  reason  the 
regulation  of  a  genera  tor- unit  is  to  be  distinguished  from  the  regulation  of 
either  the  prime-mover,  or  of  the  generator  contained  in  it,  when  taken 
separately. 

48.  In  apparatus  generating,  transforming,  or  transmitting  alternating  cur- 
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rents,  regulation  should  be  understood  to  refer  to  non-inductive  load  ;  that  is,  to 
a  load  in  which  the  current  is  in  phase  with  the  E.M.F,  at  the  output  side  of 
the  apparatus,  except  where  expressly  specified  otherwise. 

49.  In  alternating  apparatus  receiving  electric  power,  regulation  should 
refer  to  a  sine  wave  of  E.M.F,^  except  where  expressly  specified  otherwise. 

60.  In  commutating  machines,  rectifying  machines,  and  synchronous  ma- 
chines, as  direct-current  generators  and  motors,  alternating-current  and  poly- 
phase generators,  the  regulation  is  to  be  determined  under  the  following 
conditions: 

a.  At  constant  excitation  in  separately  excited  fields ; 

b.  With  constant  resistance  in  shunt-field  circuits ;  and 

c.  With  constant  resistances  hunting  series  fields;  i.e.,  the  field  adjust- 
ment should  remain  constant,  and  should  be  so  chosen  as  to  give  the  required 
full-load  voltage  at  full-load  current. 

61.  In  constant  potential  machines,  the  regulation  is  the  ratio  of  the 
maximum  difference  of  terminal  voltage  from  the  rated  full-load  value  (occur- 
ring within  the  range  from  full  load  to  open  circuit)  to  the  full-load  terminal 
voltage. 

62.  In  constant-current  machines,  the  regulation  is  the  ratio  of  the  maxi- 
mum difference  of  current  from  the  rated  full-load  value  (occurring  within  the 
range  from  full  load  to  short  circuit)  to  the  full-load  current. 

63.  In  constant-power  machines,  the  regulation  is  the  ratio  of  maximum 
difference  of  power  from  the  rated  full-load  value  (occurring  within  the  range 
of  operation  specified)  to  the  rated  power. 

64.  In  over-compounded  machines,  the  regulation  is  the  ratio  of  the  maxi- 
mum difference  in  voltage  from  a  straight  line  connecting  the  no-load  and  full- 
load  values  of  terminal  voltage  as  function  of  the  current  to  the  full-load 
terminal  voltage. 

66.  In  constant-speed  continuous-current  motors,  the  regulation  is  the 
ratio  of  the  maximum  variation  of  speed  from  its  full-load  value  (occurring 
within  the  range  from  full  load  to  no  load)  to  the  full-load  speed. 

66.  In  transformers,  the  regulation  is  the  ratio  of  the  rise  of  secondary 
terminal  voltage  from  full  load  to  no  load  (at  constant  primary  impressed 
terminal  voltage)  to  the  secondary  terminal  voltage. 

67.  In  induction  motors,  the  regulation  is  the  ratio  of  the  rise  of  speed 
from  full  load  to  no  load  (at  constant  impressed  voltage),  to  the  full-load 
speed. 

The  regulation  of  an  induction  motor  is,  therefore,  not  identical  with  the 
slip  of  the  motor,  which  is  the  ratio  of  the  drop  in  speed  from  synchronism 
to  the  synchronous  speed. 

58.  In  converters,  dynamotors,  motor  generators,  and  frequency  changers, 
the  regulation  is  the  ratio  of  the  maximum  difference  of  terminal  voltage  at 
the  output  side  from  the  rated  full-load  voltage  (at  constant  impressed  voltage 
and  at  constant  frequency)  to  the  full-load  voltage  on  the  output  side. 

69.  In  transmission  lines,  feeders,  etc.,  the  regulation  is  the  ratio  of  maxi- 
mum voltage  difference  at  the  receiving  end,  between  no-load  and  full  non- 
inductive  load,  to  the  full-load  voltage  at  the  receiving  end,  with  constant 
voltage  impressed  upon  the  sending  end. 

60.  In  steam  engines,  the  regulation  is  the  ratio  of  the  maximum  varia- 
tion of  speed  in  passing  from  full  load  to  no  load  (at  constant  steam  pressure 
at  the  throttle)  to  the  full-load  speed. 
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61.  In  a  turbine  or  other  water  motor,  the  regulation  is  the  ratio  of  the 
maximum  variation  of  speed  from  full  load  to  no  load  (at  constant  head  of 
water ;  i.e.,  at  constant  difference  of  level  between  tail  race  and  head  race)  to 
the  full-load  speed. 

Variation  and  Pulsation.  — 

62.  In  prime-movers  which  do  not  give  an  absolutely  uniform  rate  of  rota- 
tion or  speed,  as  in  steam  engines,  the  "variation**  is  the  maximum  angular 
displacement  in  position  of  the  revolving  member  expressed  in  degrees,  from 
the  position  it  would  occupy  with  uniform  rotation,  and  with  one  revolution 
as  360*^ ;  and  the  pulsation  is  the  ratio  of  the  maximum  change  of  speed  in  an 
engine  cycle  to  the  average  speed. 

63.  In  alternators  or  alternating-current  circuits  in  general,  the  variation 
is  the  maximum  difference  in  phase  of  the  generated  wave  of  E.M.F,  from  a 
wave  of  absolutely  constant  frequency,  expressed  in  degrees,  and  is  due  to 
the  variation  of  the  prime-mover.  The  pulsation  is  the  ratio  of  the  maximum 
change  of  frequency  during  an  engine  cycle  to  the  average  frequency. 

64.  If  «  =  number  of  poles,  the  variation  of  an  alternator  is  ^  times  the 

variation  of  its  prime-mover  if  direct-connected,  and    ^   p  times  the  variation 

of  the  prime-mover  if  rigidly  connected  thereto  in  the  velocity  ratio  p, 

65.  The  pulsation  of  an  alternating-current  circuit  is  the  same  as  the  pul- 
sation of  the  prime-mover  of  its  alternator. 

RATING. 

66.  Both  electrical  and  mechanical  power  should  be  expressed  in  kilo- 
watts, except  when  otherwise  specified.  Alternating-current  apparatus  should 
be  rated  in  kilowatts  on  the  basis  of  non-inductive  condition ;  i.e.,  with  the 
current  in  phase  with  the  terminal  voltage. 

67.  Thus  the  electric  power  generated  by  an  alternating-current  apparatus 
equals  its  rating  only  at  a  non-inductive  load ;  that  is,  when  the  current  is  in 
phase  with  the  terminal  voltage. 

68.  Apparent  power  should  be  expressed  in  kilovolt-amperes  as  distin- 
guished fromr  real  power  in  kilowatts. 

69.  If  a  power-factor  other  than  10  per  cent  is  specified,  the  rating  should 
be  expressed  in  kilovolt-amperes  and  power-factor,  at  full  load. 

70.  The  full-load  current  of  an  electric  generator  is  that  current  which 
with  the  rated  full-load  terminal  voltage  gives  the  rated  kilowatts,  but  in  alter- 
nating-current apparatus  only  at  non-inductive  load. 

71.  Thus  in  machines  in  which  the  full-load  voltage  differs  from  the  no- 
load  voltage,  the  full-load  current  should  refer  to  the  former. 

If  P  =  rating  of  an  electric-generator  and  £"  =  full-load  terminal  voltage, 

the  full-load  current  is: 
p 
I—  ^  in  a  continuous-current  machine  or  single-phase  alternator. 
E 
p 

1= —in  a  three-phase  alternator. 

E^o 
p 
/=  ^-p  in  a  quarter-phase  alternator. 

72.  Constant-current  machines,  such  as  series  arc-light  generators,  should 
be  rated  in  kilowatts  based  on  terminal  volts  and  amperes  at  full  load. 
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73.  The  rating  of  a  fuse  or  circuit  breaker  should  be  the  current  strength 
at  which  it  will  open  the  circuit,  and  not  the  working-current  strength. 

Classification  of  Voltages  and  Frequencies.  — 

74.  In  direct-current,  low- tension  generators,  the  following  average  termi- 
nal voltages  are  in  general  use  and  are  recommended : 

125  volts.  250  volts.  550  volts. 

75.  In  direct-current,  and  alternating-current,  low-pressure  circuits,  the 
following  average  terminal  voltages  are  in  general  use  and  are  recommended : 

110  volts.  220  volts. 

In  direct-current  power  circuits,  for  railway  and  other  service,  500  volts 
may  be  considered  as  standard. 

76.  In  alternating-current,  high-pressure  circuits  at  the  receiving  end,  the 
following  pressures  are  in  general  use,  and  are  recommended  : 

1000  volts.  2000  volts.  3000  volts.  6000  volts. 

10000  volts.  15000  volts.  20000  volts. 

77.  In  alternating-current,  high-pressure  generators  or  generating  systems 
the  following  terminal  voltages  are  in  general  use,  and  are  recommended ; 

1150  volts.  2300  volts.  3450  volts. 

These  pressures  allow  of  a  maximum  drop  in  transmission  of  15  per  cent 
of  the  pressure  at  the  receiving  end.  If  the  drop  required  is  greater  than  15 
per  cent,  the  generator  should  be  considered  as  special. 

78.  In  alternating-current  circuits,  the  following  approximate  frequencies 
are  recommended  as  desirable : 

25  ^  or  30  -^  40  .^  60-^  120  -^  (♦) 

These  frequencies  are  already  in  extensive  use,  and  it  is  deemed  advisable 
to  adhere  to  them  as  closely  as  possible. 

Overload  Capacities.  — 

79.  All  guaranties  on  heating,  regulation,  sparking,  etc.,  should  apply  to 
the  rated  load,  except  where  expressly  specified  otherwise,  and  in  alternating- 
current  apparatus  to  the  current  in  phase  with  the  terminal  E.M.F.y  except 
where  a  phase  displacement  is  inherent  in  the  apparatus. 

80.  All  apparatus  should  be  able  to  carry  a  reasonable  overload  without  self- 
destruction  by  heating,  sparking,  mechanical  weakness,  etc.,  and  with  an  increase 
of  temperature  elevation  not  exceeding  15°  C.  above  those  specified  for  full 
loads.    (See  Sections  25  to  31.) 

81.  Overload  guaranties  should  refer  to  normal  conditions  of  operation 
regarding  speed,  frequency,  voltage,  etc.,  and  to  non-inductive  conditions  in 
alternating  apparatus,  except  where  a  phase  displacement  is  inherent  in  the 
apparatus. 

82.  The  following  overload  capacities  are  recommended  : 

1st.  In  direct-current  generators  and  alternating-current  generators:  26 
per  cent  for  one-half  hour. 

2d.  In  direct-current  motors  and  synchronous  motors:  26  per  cent  for 
one-half  hour,  50  per  cent  for  one  minute  ;  except  in  railway  motors  and  other 
apparatus  intended  for  intermittent  service. 

•  The  frequency  of  120  ""^  may  be  considered  as  covering  the  already  existing  commercial  fre- 
quencies between  120  '^  and  140  '^',  and  the  frequency  of  flO  -^  as  covering  the  already  existing  com- 
mercial frequencies  between  60  -^^  and  '^^  70. 
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3d.  Induction  motors:  25  per  cent  for  one-half  hour,  50  per  cent  for  one 
minute. 

4th.  Synchronous  converters :  50  per  cent  for  one-half  hour. 

5th.  Transform ers :  25  per  cent  for  one-half  hour;  except  in  trans- 
formers connected  to  apparatus  for  which  a  difiEerent  overload  is  guaranteed, 
in  which  case  the  same  guaranties  shall  apply  for  the  transformers  as  for  the 
apparatus  connected  thereto. 

6th.  Exciters  of  alternators  and  other  synchronous  machines,  10  per  cent 
more  overload  than  is  required  for  the  excitation  of  the  synchronous  machine 
at  its  guaranteed  overload  and  for  the  same  period  of  time. 

APPENDIX  I. 
EFFICIENCY. 

Efficiency  of  Phase-Displacing  Apparatus.  -* 

In  apparatus  producing  phase  displacement,  as,  for  example,  synchro- 
nous compensators,  exciters  of  induction  generators,  reactive  coils,  condensers, 
olarization  cells,  etc.,  the  efficiency  should  be  understood  to  be  the  ratio  of 
the  volt-ampere  activity  to  the  volt-ampere  activity  plus  power  loss. 

The  efficiency  may  be  calculated  by  determining  the  losses  individually, 
adding  to  them  the  volt-ampere  activity,  and  then  dividing  the  volt-ampere 
activity  by  the  sum. 

1st.  In  synchronous  compensators  and  exciters  of  induction  generators, 
the  determination  of  losses  is  the  same  as  in  other  synchronous  machines 
under  Sections  10  and  11.  * 

2d.  In  reactive  coils  the  losses  are  molecular  friction,  eddy  losses,  and 
/*  r  loss.  They  should  be  measured  by  wattmeter.  The  efficiency  of  reactive 
coils  should  be  determined  with  a  sine  wave  of  impressed  E.M.F,^  except 
where  expressly  specified  otherwise. 

8d.  In  condensers,  the  losses  are  due  to  dielectric  hysteresis  and  leakage, 
and  should  be  determined  by  wattmeter  with  a  sine  wave  of  E.M.F. 

4th.  In  polarization  cells,  the  losses  are  those  due  to  electric  resistivity  and 
a  loss  in  the  electrolyte  of  the  nature  of  chemical  hysteresis,  and  are  .usually 
very  considerable.  They  depend  upon  the  frequency,  voltage,  and  tempera- 
ture, and  should  be  determined  with  a  sine  wave  of  impressed  E,M.F,^ 
except  where  expressly  specified  otherwise. 

APPENDIX   II. 
Apparent  Efficiency.— 

In  apparatus  in  which  a  phase  displacement  is  inherent  to  their  operation, 
apparent  efficiency  should  be  understood  as  the  ratio  of  net  power  output  to 
volt-ampere  input. 

Such  apparatus  comprise  induction  motors,  reactive  synchronous  con- 
verters, synchronous  converters  controlling  the  voltage  of  an  alternating-cur- 
rent system,  self-exciting  synchronous  motors,  potential  regulators,  and  open 
magnetic  circuit  transformers,  etc. 

Since  the  apparent  efficiency  of  apparatus  generating  electric  power 
depends  upon  the  power  factor  of  the  load,  the  apparent  efficiency,  unless 
otherwise  specified,  should  be  referred  to  a  load  power-factor  of  unity. 
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APPENDIX   III. 
Power  Factor  and  Inductance  Factor.  — 

The  power  factor  in  alternating  circuits  or  apparatus  may  be  defined  as 
the  ratio  of  the  electric  power,  in  watts,  to  volt-amperes. 

The  inductance  factor  is  to  be  considered  as  the  ratio  of  watdess  volt- 
amperes  to  total  volt-amperes. 

Thus,  if  p  =  power  factor,  q  =  inductance  factor, 

^2  H-  ^2  =  1. 

(energy  component  of  current  or  E,M,F,) 
(total  current  or  E,M.F. 

and  the  inductance  factor  is  the 

(wattless  component  of  current  or  E.M.F.  _   true  power. 
(total  current  or  E.M.F.,  "  volt  amperes. 

Since  the  power-factor  of  apparatus  supplying  electric  power  depends 
upon  the  power-factor  of  the  load,  the  power-factor  of  the  load  should  be  con- 
sidered as  unity,  unless  otherwise  specified. 


The  power  factor  is  the 


APPENDIX  IV. 

The  following  notation  is  recommended :  — 

Ey  e,  voltage,  E.M.F,y  potential  difference. 

/,  I,  current. 

/*,  power. 

^,  magnetic  fiux. 

(B,  magnetic  density. 

R^  r,  resistance. 

X,  Xf  reactance. 

Z,  Zj  impedance. 

Z,  /,  inductance. 

C,  c,  capacity. 

Vector  quantities  when  used  should  be  denoted  by  capital  italics. 

APPENDIX    V. 

Table  of  Sparking  Distances  in  Air  between  Opposed  Sharp  NeedlS- 
Points,  for  Various  Effective  Sinusoidal  Voltages,  in  inches  and  in  centi- 
meters. 


Distance. 

Distance                    I 

KlLOVOLTS 

KiLOVOLTS 

Sq.  Root  of 
Mean 

Sq.  Root  of 
Mean 

Square. 

Inches. 

Cms. 

Square. 

Inches. 

Cms. 

6 

0.225 

0.57 

60 

4.65 

11.8 

10 

0.47 

1.19 

70 

5.85 

14.9 

15 

0.726 

i.a4 

80 

7.1 

18.0 

20 

1.0 

2.54 

90 

8.35 

21.2 

25 

1.3 

3.3 

100 

9.6 

24.4 

30 

1.625 

4.1 

110 

10.75 

27.3 

35 

2.0 

5.1 

120 

11.85 

30.1 

40 

2.45 

6.2 

130 

12.95 

32.9 

46 

2.95 

7.5 

140 

13.95 

35.4 

60 

3.55 

9.0 

150 

15.0 

38.1 
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